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By T. A. MIDDLEBROOKS,: Assoc. M. Am. Soc. C. E. 
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_~ Tests and analyses conducted on the soils and rocks encountered at the 
- Fort Peck Dam (in northeastern Montana, on the Missouri River) which have a 
_ bearing on the slide that occurred on September 22, 1938, are the basis of this 
_ paper. Since very little information has been published on the investigations 
conducted prior to the slide, the first part of the paper has been devoted to that _ 
“subject. The major part is devoted specifically to the studies conducted after 
the slide, to determine its cause and to outline a method of repair. 
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‘ INTRODUCTION 


After preliminary investigations were completed, it was realized that, in 
-addition to the difficulties normally expected from the construction of a full 
hydraulic fill dam of this magnitude, the foundation conditions were compli- 
eated (see Fig. 1). A thick plastic clay stratum approximately 60 ft below the 
-natural ground surface extended over the center two thirds of the valley and well 
_outside the upstream and downstream toes of thedam. Overlying, underneath, 
-and outside the limits of the clay stratum, there were stratified pervious ma- 

terials varying from fine sand to gravel. At each abutment the shale was either 
exposed or lay under a relatively shallow overburden. An extensive program 
‘of foundation exploration and laboratory investigations was planned to obtain 
the necessary information for design purposes. A soil testing laboratory was 
established and equipped to perform all types of soil tests, including the de- 
termination of photoelastic stress distribution. In addition to the regular 
shear, consolidation, and permeability tests, numerous special tests and experi- 
ments were performed, such as: (1) Expansion tests on shales and tills; (2) 
large-scale shear and consolidation tests; (3) clay model tests to observe action 
‘during plastic deformation; (4) photoelastic tests on gelatin models to develop 
a rational means of computing the stress distribution in the embankment and 
foundation; (5) earth-dam models of the main dam on approximate scales of 
1 to 50 and 1 to 200 and earth models of dike sections on a scale of 1 to 2; and 


Norz.—Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by April 15, 1941. 
1 Senior Ener., Chf., Soil Mechanics Section, Office, Chf. of Engrs., Washington, D. C. 
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(6) sand models to obtain information on the effect of consolidation of the core 
of the shells. Ss: 4 

In order to keep a close check on the settlement and seepage during and — 
after construction, settlement plates and perforated pipes were installed in the — 
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fill on several cross sections of both the dam and dike sections. In addition, 
hub stakes were set outside both toes of the dam and on the surface of the 
completed part of the slopes. The elevation and location of these hub stakes 
and plates were determined periodically. They were usually read monthly, but 
im some cases critical locations were observed daily. 


TrEsT AND ANALYsIS PRIOR TO SLIDE 


Investigations were conducted prior to and during construction to insure 
a safe structure with reference to the following possible sources of trouble: 
(a) Bursting of the shell due to excessive core pressure; (b) slides in the shells 
due to excessive deposition of core material and clay balls; (c) plastic flow of the 
foundation clay; (d) slides in the foundation sands or silts; and (e) slides on the 
shale surface. 

“Bursting of Shell.”—The possibility of the core bursting the upstream shell 
was investigated prior to and checked during construction, using the method 
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at the dam was safe even when the core was assumed to be a liquid weighing 
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respectively. Special care was taken in placing this fill to insure that the done nag 
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did not encroach upon the shell. Sand lenses were allowed to protrude into, 
but not through, the core, and they were found to be most helpful in accelerating 
the core consolidation. Shear, consolidation, and permeability tests were run 
on undisturbed samples taken from the core during construction. Density 
samples were taken every 5 ft in elevation through the core on each 500-ft 
station at the center line every three months in order to check closely the 
amount and rate of consolidation. These tests indicated that the core material 
consolidated at an exceedingly rapid rate. 

“Slides in Shell.’—Consideration was given to the fact that slides in the 
shells might occur from two conditions: (1) Deposition of core material on the 
beaches due to wide pools; and (2) deposition of large pockets of clay lumps 
from the pocket discharge lines. Daily control samples, as well as permanent 
record samples, at fixed intervals were taken to check on the core limits and 


EEE Ee —————— Ee 
2"*Mechanics of Hydraulic-Fill Dams,” by Glennon Gilboy, Journal, Boston Soc. of Civ. Eugrs.. 
July, 1934, p. 185. 
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the type of material being placed in both the core and the shells. It was found ; 
necessary to establish maximum and minimum core limits, since it was obvious - 
that a fixed limit was not practical in construction. Upstream, the allowable — 
maximum limit was only a short distance outside the minimum, and the con- 
struction forces were required to keep the pool as close to the minimum limits | 
as possible. When the trap-line lifts were completed before the pool was pushed | 
back to the minimum limits, ground lines were used to push the pool back to — 
the required limits. To allow more flexibility of operation, wider pool varia- — 
tions were permitted downstream where the outer slope was 1 on 83. 

To establish a sound basis on which to fix the control requirements for the _ 
allowable quantity of clay to be deposited on the shells from the core, a com- 
plete series of tests were run to determine the shearing strength of various 
mixtures of sand and clay. Tests were performed on sand mixed with 0 to 
30% clay by dry weight. The shearing strength decreased at a fairly yniform 
rate until approximately 25% clay had been added, at which point the voids of 
the sand were completely filled with clay and the shearing strength rapidly 
approached that of clay. Using the results of these tests, specifications were 
written to restrict the clay content in the shells such that the coefficient of 
friction would be maintained at more than 0.6. This was the value necessary 
to prevent bursting of the shell due to core pressure assuming no consolidation. 
The tests showed that the clay content could not exceed approximately 8.0%. 
Actually, the shells were constructed throughout with less than 3% clay. 

Deposition of clay lumps on the beaches resulted from the excavation of 
stiff clay in the borrow pits. It was impracticable to prevent the pumping 
of clay lumps entirely, since there were numerous small clay strata in the 
borrow pits that could not be avoided. To exert satisfactory control over the 
deposition of clay lumps in the fill, it was necessary to determine the type of 
borrow-pit clays that formed clay lumps so that these strata could be avoided 
wherever possible, and it was necessary to run shear and permeability tests to 
determine the quantity of clay lumps that would not be detrimental to the 
structure. 

Samples of clay lumps actually pumped by the dredges were analyzed and 
the results compared directly with samples from borrow pits. It was found 
that most of the clay lumps were derived from clay strata classified as’*medium 
(50% to 70%) clay, and fat (70% to 100%) clay. Dredging was then re- 
stricted to borrow pits containing a minimum quantity of these types of clay. 

“Plastic Flow of Foundation Clay.’’—After the extent of the plastic clay 
in the foundation had been outlined by the preliminary explorations, an ex- 
tensive investigation was made to check the stability of the proposed sections 
both for the completed dam and for the 1-on-3 construction slopes in the closure 
section.’ The special foundation exploration consisted of ten 6-in. borings 
through the clay strata. Continuous undisturbed samples were taken for the 
full thickness of the clay strata, and shear and consolidation tests were run on 
representative samples from each hole. Since considerable deformation occurs 
in a clay prior to ultimate failure in shear, it was feared that sufficient deforma- 


+“Foundation Investigation of Fort Peck Dam Closure Section,’’ b i 
; n Investiga _ k Ds : tion,” by T. A. Middlebrooks, Paper G-3, 
Proceedings, International Conference on Soil Mechanics and Foundation Eng., Cambridge, Mass., 1936, 
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n might occur in the thick plastic clay stratum (60 ft maximum thickness) 
to cause failure in the dam before the full strength of the clay could be mobilized. 
2 After a careful study of this condition in clay models constructed in the labora- 
4 tory, it was decided the shearing strength should be taken at the “‘yield point” 

instead of the point of “ultimate failure.’’ The result was a decrease in the 
E deformation of approximately 75% from the ultimate without decreasing the 
_ strength more than approximately 25%. Strength of the clay was determined 
- from consolidated and unconsolidated shear tests by taking into consideration 
E ine percentage of consolidation during construction. 

Since failure of clay would occur due to plastic flow, the Swedish slide 
‘method! for determining the stability was not considered applicable. The 
 elastic-theory method was used for determining the stress distribution in the 
clay strata. The works of J. Boussinesq,* 8. D. Carothers,’ Leo Jiirgenson,” and 
others were utilized to develop a rational method for determining these stresses. 
Photoelastic experiments on a gelatin model were performed to check the 
mathematical application of the elastic theory to this type of structure. As 
~ aresult of this investigation,’ the construction slopes in the closure section were 

- flattened from 1 on 3 to 1 on 5, and a berm was added upstream for the full 
length of the clay stratum, Station 30+00 to Station 70+00, Fig. 1. 

‘ “Slides in Foundation Sands and Silts.”’—During the investigation of the 

_ clay stratum sufficient undisturbed samples of the foundation sands and silts 
= were obtained to determine their strength. It was found that there was ample 
factor of safety against failure of these materials. 

“Slides on Shale.’’—Explorations in the right abutment disclosed that 
beneath several feet of exposed disintegrated shale, there was a zone of blocky 
weathered shale approximately 30 ft thick. There was a gradual transition 
from the blocky weathered shale into subfirm and firm shale. In the valley 
adjacent to the abutment a pervious overburden averaging 30 ft in thickness 
overlays a thin stratum of clay 1.5 ft thick. This clay rested directly on sub- 
firm shale. 

The possibility of failure in the shale in this vicinity was considered as 
highly improbable, since subfirm shale of similar classification excavated in 
other locations on the project had shown that the subfirm shale and the bento- 
nite seams contained therein possessed ample strength to prevent failure. 
Detail investigation of this zone after the slide showed that the upper part of 
stratum classified as subfirm shale was actually weathered shale. It was also 
found that the clay stratum adjacent to the abutment would consolidate 100% 
For this reason, all shear tests on the clay were performed 
on consolidated samples. Stability analyses made on the basis of the results 


4‘‘Brdstatische berechnungen mit reibung und kohasion (adhasion) und unter annahme kreiszlin- 
drischer gleitflachen,” by W. Fellenius, W. Ernst (publisher), Berlin, 1927. Sas 
5M icati es potentie 4 if ili uvement des solides élastiques, princi- 
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de l’ Agriculture et des ‘Arts de Lille, Vol. 13, 1885, p- i 

6 ‘The Elastic Equivalence of Statically Equipollent Loads,” by 8. D. Carothers, Proceedings of the 
International Mathematical Congress, Vol. II, Toronto, Canada, 1924, p. 519. 

7‘*The application of Theories of Elasticity and Plasticity to Foundation Problems,” by Leo Jiirgenson, 
Journal, Boston Soe. of Civ. Engrs., July, 1934, p. 206. , 

8 ‘Foundation Investigation of Fort Peck Dam Closure Section,” by T. A. Middlebrooks, Proceedings, 


International Conference on Soil Mechanics and Foundation Eng., June, 1936, 
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this source. 
Trst AND ANALYSIS AFTER SLIDE | 


Directly after the slide occurred near the right abutment on September 22, | 


1938 (see Fig. 2), all previous test data and analyses were reviewed to assist | 
in arriving at the most logical probable causes of the slide. Preliminary in- _ 
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vestigations indicated that the slide may have been caused by one or a com- 
bination of the following conditions: (1) Movement along some weak zone in 
the shale; (2) movement along the shale surface; (3) bursting of the shell due to 
excessive core pressure; or (4) temporary liquefaction of tk e sl i 
Be oth, y liq 1e shell or foundation 
To determine the extent of additional laboratory work necessary for a 
complete investigation, tests were run by the latest approved methods to check 
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_ previous testing, so that there would be no unnecessary duplication. The 
standard direct shear apparatus was used for most of the testing, but ihe shear- 
ing strength of the core and the critical density of the shell thaterial were d 

termined by the latest developed triaxial shear machine. i 
BM ovement in Shale-—In order to investigate possible movement along some 
weak zone in the shale, undisturbed samples were taken from test pits, drift, 
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and large-diameter (12-in. to 36-in.) core borings. 
small (3-in. to 6-in.) borings were made through the sii 
burden and 40 ft into the shale to 
terials. Continuous drive samples w 
overburden and cored samples from the shale. 
weathered shale, and bentonite from the test pits, 
borings were tested for shear and consolid 
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de material and over- 
outline the distribution of the various ma- 
ere taken of the slide material .and 
Undisturbed samples of clay, 
drifts, and large-diameter 
ation characteristics in the laboratory. 
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In addition, large-scale field tests were run on undisturbed weathered ben 
in the drifts driven into the weathered shale. Representative results of 
tests are shown in Fig. 3 which also shows the required strength to give a safety 
factor of 1.0 for the section prior to failure. It will be noted that most of the 
tests on bentonite show a strength below the required strength line, wheres 
ost of the tests on clays and weathered shale show a strength above that | 
required. It will also be noted that the strength of the core material is well _ 
above that required, the coefficient of friction averaging about 0.6. 1 
Results of these tests indicate clearly that the bentonite and weathered shale | 
were the weakest materials in the foundation, and that undoubtedly the _ 
weathered bentonite was by far the weakest material encountered. This con- — 
clusion is substantiated by all the explorations. Numerous movement zones — 
or slide planes were found in the weathered shale by the drive samples taken” 
from the small borings. In practically all cases bentonite was mixed with H 
gouge material in these zones of movement. In some cases, the large-diameter 
cores showed that bentonite seams had been completely removed by the slide; _ 
some were thoroughly mixed with shale along a gouge zone, others remained as 
definite seams but were drawn out showing considerable movement. 
Observations made on holes drilled into the shale revealed another very 
important factor that was difficult to take into consideration in the analyses 
but which, it is reasonable to assume, had a major effect on stability. Holes— 
drilled into the shale downstream of the slide and on the west abutment showed 
that there was a high hydrostatic pressure in the shale, which was considerably 
in excess of the maximum lake level or the saturation line in the dam. In 
Table 1, which shows the water levels obtained in the various drill holes, it 
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TABLE 1.—Hyprostatic PRESSURE IN FOUNDATION SHALE 
(Elevations, in Feet Above Sea Level) 


LocaTIon oF . LocaTION OF F 
Hoe Natu- | Em- | Satu- | Equiv- Hos Natu- | Em- | Satu- | Equiv- 
ral bank- | ration | 2lent ral bank- | ration | alent 
ground} ment line ina ground} ment line oo 
Station | Range¢ ee Station| Ranges bea 
4.92 5.16U 2,175 ise 2,195 76.02 2.81U 2,046 2,211 2,105 2,183 
11.25 3.750U | 2,100 2,155 2,175 78.94 0.50U 2,048 | 2,252 2'990 2/310 
11.30 | 6.67U 2,078 2,155 2,145 79.01 2.80U 2,042 2,216 2,115 | 2,256 
13.50 8.92U 2,046 2,115 2,115 80.00 0.37D 2,048 | 2,247 2,220 | 2,310 
13.75 3.75U 2,046 2,162 2,118 81.77 2.78U 2,041 2,219 2,113 | 2,213 
16.25 3.75U 2,044 2,174 2,074 81.94 0.50U 2,048 2,251 2,220 | 2,232 
18.75 8.50U 2,048 2,122 2,170 84.94 0.50U 2,073 | 2,250 |} 2,220 2/260 
13.50 1.10D 2,060 2,154 2,128 84.98 2.72U 2,057 2,217 | 2,025 2,190 
15.00 | 4.00D 2,049 2,125 | 2,210 87.94 0.50U 2,156 2,250 Bo as 2/100 
20.00 4.00D 2,046 2,127 2,226 90.93 0.50U 2,176 2,250 | 2,219 2/104 
75.94 0.50U 2,048 2,220 | 2,242 93.94 0.50U 2,214 2,200 | 2.220 | 2.187 
2U = upstream; D = downstream. > Blevation of a column equal to hydrostatic pressure. 


will be seen that one hole developed a pressure head equal to that of a water 
column extending to El. 2,310, approximately 60 ft above the maximum height 
of the fill and 90 ft above the saturation line. Other holes developed pressures 
of more than 100 ft above the lake level or the saturation line in the dam. 
Borings prior to the construction of the dam showed no artesian water in the 
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ed through the dam. s x Ly es oan 
a most logical reason for the existence of such a high hydrostatic premare  ® 
he shale is that trapped water was squeezed out of the shale, due to the eS 
iperimposed load of the dam, most likely along weathered bentonite seams. * 
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_ Prior to the construction of the dam, these bentonite seams lying underneath 
the water table were covered with a shallow overburden. They had un- 
doubtedly taken up water and expanded until they had become adjusted to this 
overburden load. Construction of the dam intreased this load by more than 
200 ft of fill. This added load caused consolidation of the weathered bentonite 
_- seams which resulted in a release of water that could not readily escape through 
the overlying impervious shale. It was trapped along the seams, developing 
the high hydrostatic pressures which were later observed. It is the firm con- 
viction of the writer that this excess hydrostatic pressure which was found to 
exist in. the shale was one of the major causes of the slide and accounts in large 


part for the speed at which, and the distance to which, it moved. 


earlier svetigetibr ‘and showed that the ‘thin clay ewe 
. consolidate rapidly with the application of load. Consolidated shear. 
» "were used for determining the shearing strength of this material. All ie 
strengths so determined were well above the required strength to give a factor 
: ety of 1.0. } 
: grok of Sheill.—In view of the wide core and peeccale flat core slopes 
_ bursting of the shell due to excessive core pressure was considered by many in 
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the early stages of the slide investigation to be the most logical reason for the 
slide. Therefore, a comprehensive testing program was outlined to determine 
the strength of ay core and shell materials. Shear tests were ‘performed on the 
direct. shear machine supplementing the earlier tests. In addition, triaxial 
tests were run at Harvard University, Cambridge, Mass., at the U. 8. Water- 
ways Experiment Station, Vicksburg, Miss., and in the laboratory of the Fort 
Peck District. Results of some of these fsts on the core material are shown 
in Fig. 8. The coefficient of friction of the core material averaged approxi- 
mately 0.6, with only a small degree of cohesion. The triaxial tests showed the 


triaxial tests” e results, on or re. 
; “the core material appeared to brace itself against failure.” It 
oncluded from all the tests that the core material was practically as 
ng as the shell material. be 
An attempt was made to measure the horizontal pressure exerted by the core’ 
by the use of Goldbeck earth pressure cells attached to a long pile. The high 
_ degree of consolidation of the core material made ey as 
it impossible to set the pile in the core without 27 
impairing the accuracy of the cells. 
__ Composition of the average core material is 
_ shown in Fig. 4. Limits of the core as actually 
4 constructed did not vary greatly from the design 7180 
limits, except for sand lenses which extended 
- into, but not through, the core. Consolidation 
_ of the core was accelerated by these lenses of 
sand which protruded into the core from the 
- transition zone. Fig. 5 shows: the degree of 
_ consolidation for core material on the center 
line for different elevations of the fill. These 
data were obtained about two months prior to’ 
the slide. The tests comprise samples between 
Station 15+00 to 85+00, along the axis. The 
void ratios (averages plotted in Fig. 5) were 
determined volumetrically from drive samples 2 
in. by 18 in., taken in July, 1938. The core 
pool varied from El. 2,213 to 2.200: 

“The relatively high degree of consolidation 
and strength of the core, as shown by the tests, 
was further borne out by the action of the ma- 
terial during the slide as shown by the topog- 

raphy and exploration after the slide. The core 

remaining in place on the west end of the slide 
stood on very steep slopes and exhibited high 
resistance to scour from the core pool water. 

Borings showed that the downstream part of the 2060] 
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core did not move out with the slide, but re- erases 
mained intact while the overlying shell material (Percentages) 
moved upstream over it. Boring No. 4 at Sta- Fic. 5.—Corn ConsoiDAtion 


tion 14+-75, approximately on the axis, showed 

that a large hole had developed during the slide down to natural surface. 

Core material did not squeeze into it as might have been expected, but it was 
‘ filled with sand. , 

The upstream toe trestle was pushed out ahead of the slide. If the shells 
had burst due to core pressure, the most likely path of failure would have been 
over the trestle. Failure did not occur where the core was the least con- 
solidated, which was the closure section. This part of the dam was raised 
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vappioximately 150 ft in four months, whereas the dam at the east bu 
was raised to this height over a period of twenty-eight months. he ee 
Therefore, it was concluded from the test data, explorations, and surfai 
observations made directly after the slide that the core was decidedly stronger j 
than anticipated in the original design and consequently possessed a good safety | 
factor against bursting the shells. 
Temporary Liquefaction of Sand—‘Liquefaction” of the sand shell or 
foundation sand (or both) was advanced as another possible cause of the slide. | 
The fact that loose sand, when subjected to a shock or change in stress, will | 
slough or slump has been recognized by engineers for ages past. In 1936 
Arthur Casagrande, Assoc. M. Am. Soe. C. E., showed a method whereby the 
density required to prevent sloughing for different sands and different condi- | 
tions can be approximated.® It has been designated as the “critical density” 
and is defined as the density at which no change in volume will occur at a given © 
vertical load. Any material having a density greater than the critical will j 
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tend to expand when subjected to shearing stresses; therefore, this material __ 
when saturated will brace itself against failure; whereas, a material looser than 
the critical will consolidate when subjected to shearing stresses, thereby allow- 
ing the load of a saturated material to be partly carried by the water which 
reduces its shearing strength. 

It has been concluded that a material denser than the critical is definitely 
safe against flow. On the other hand, it does not follow that all materials 
looser than the critical density are unsafe. This looser material will definitely 
have some reserve strength, depending on its density.. This problem did not 
enter into the slide investigation since it was found that density of the shell 


» “Characteristics of Cohesionless Soils Affecting the Stability of Slopes and Earth Fills,” by Arthur 
Casagrande, Journal, Boston Soc. of Civ, Engrs., January, 1936, p. 13. 
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3 material was equal to, or greater than, the critical. It is a problem, however, 
that deserves careful consideration by investigators in the future. 
In order to determine the actual density of the shell material and to obtain 
shell. Continuous 6-in. undisturbed samples were taken, and the density and 
~ mechanical composition determined. Critical density tests using the triaxial 
~ machine were run on representative samples at Harvard University, U. S. 
_ Waterways Experiment Station, and Fort Peck. Results of these tests are 
shown in Fig. 6. Density of the Fort Peck shell material is shown as a heavy 
Z broken line. These tests show that the hydraulic fill is denser than required. 
= In addition to the critical density tests on disturbed shell materials shown in 
4 Fig. 5, tests on undisturbed samples to determine the effect of stratification 
were run in the Fort Peck Laboratory. These test results showed that there 
was an even greater margin of safety against flow of the shell material than was 
indicated by the other tests. 

The conclusions drawn from the test data were substantiated by inspection 
~ of the undisturbed 36-in. cores. The inspection disclosed that definite strati- 
fication, as it existed in the hydraulic fill, was undisturbed by the movement 
_ except for numerous shear planes. This stratification might not be destroyed 
by streamlined flow of the shell material, but it can be stated definitely that 
there would be no shear planes in the sand if flow had occurred. Therefore, 
it ean be concluded from the tests and explorations that the shell material was 
of sufficient density to prevent it from becoming liquefied even under the 
severe stress conditions that occurred during the slide. 

The distance that the slide moved upstream may have been due to some 
liquefaction of the slide materials, as has been concluded by the Board of 
Consultants. It is the opinion of the writer that the evidence proves such a 
liquefaction must have occurred along the bentonite seams in the shale, es- 
pecially after sufficient movement had occurred to mix the bentonite with the 
trapped water. The inlet channel, cut approximately 800 ft from the toe of 
the dam, also had a major influence on the distance that the slide moved. The 
cut is approximately 500 ft wide and 30 ft deep (bottom elevation, 2'030:0):: 


‘a> ies 
we N 


GENERAL QUESTIONS 


Before proceeding to the stability analysis, it seems desirable to discuss 
_ priefly a number of questions raised during the investigation which, directly 
or indirectly, affect any stability analyses that might be made. The questions 

are listed below and discussed in subsequent paragraphs: 


(1) What effect did filling and lowering of the reservoir have on the slide? 
(2) Was the construction rate too rapid? 

(3) Did excessive settlement occur in the slide area prior to the slide? 

(4) Did seepage away from the abutment through the fill have any ap- 


preciable effect on the slide? 
(5) Was the core at the eas 


portion of the dam? 
(6) What effect did 


t abutment finer or coarser than the remaining 


the slide have on the adjacent abutment and dam? 


“havin Mnk. 3 
the slide occurre 
before th 


ss water in the . nite 
weaken it. The reservoir water at El. 2,117.5 decreased the stresses in he 
foundation from what they would have been if it had been empty. This 
decrease in stress, however, was in part counterbalanced by the increase in’ 
stress due to the drawdown; but, on the whole, the water in the reservoir had | 
very little effect on the stability of the structure. Although the effect was | 


small, these conditions were given full consideration in the stability analyses. 
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Rate of Construction —The rate of construction for the part of the dam in — 
the slide was comparatively slow. The rate of construction is shown as a 
curve in Fig. 7 in connection with the subsidence. It will be noted that the 
fill was brought up in stages. The first five months of construction brought 
the fill up approximately 40 ft, followed by a winter rest period of five and 
one half months. Then in seven months the fill was raised approximately 
55 ft, and another rest period of five months occurred. This was followed by 
about two months of operation, prior to closure, in which the fill was raised 
approximately 30 ft. Closure operations allowed this fill to rest another four 
months, after which approximately 15 ft of fill was placed in one month. 
Following a rest period of five months, the fill was then raised approximately 
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se per month in any one period was approximately 15 ft. 

a - In the slide area the construction rate was extremely slow compared with 
_ the closure section. The fill in the closure section rose 160 ft in four months, 
a rested five months, and then rose 60 ft more in five months. The average 
_ rise per month was nearly 15 ft and the maximum was 40 ft. Therefore, if 
~ trouble was to be experienced in the embankment due to rapid construction, 
~ surely it would have occurred in the closure section. 


3 Any reasonable extension of the construction period could not have been - 


expected to increase materially the strength of the weathered shale or bentonite 
or to release the pressure in the relatively impervious shale where the source 
__ of the trouble existed. 
___ Settlement—The question concerning excessive settlement can be easily 
answered by reference to Fig. 7. It will be noted that the settlement at a 
2 point about the middle of the upstream slope had practically stopped, The 
settlement in this area amounted to only about 2% of the fill height, whereas 
in the closure section where the plastic clay is approximately 60 ft thick, the 
settlement amounted to more than 10 ft, or more than 5% of the fill height. 
Settlement in the slide area occurred at a rate of less than 0.08 ft per month; 
- but in the closure section this rate was approximately 0.6 ft per month. Ob- 
- viously then, it is most unlikely that excessive settlement contributed to the 
+ failure. 
Seepage.—Seepage moving outward from the abutment undoubtedly raised 
the saturation line in the dam slightly, but the additional stress added to the 
foundation was negligible when compared with the total stress set up by the 
~ embankment. 
7 Texture of Core Material.—During the preliminary stages of the investiga- 
tion some engineers thought that the core was composed of finer material at 
the abutment and that greater core pressure was exerted there. Actually the 
major portion of the core was coarser at the abutments, a condition which 
it was impractical to prevent. 
Effect of Slide on Adjacent Abutment and Dam.—The slide had no material 
effect on either the abutment or the dam outside the slide area. A small 
- surface slough occurred in the abutment due to the toe support being removed 


quickly. However, it was of no importance. 
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Srapitity ANALYSES 


Stability analyses were made, using the Fort Peck elastic theory method® 


and the static slide method.‘ 

Section Prior to Slide -—Several cross sec 
area. Station 15+00 has been selected because it is a representative cross 
section and because the slide started at approximately this location. Figs. 8 
to 10 show the stability analyses of the section by the elastic theory method, 
prior to failure. Distribution of shearing stresses along the rigid boundary 

was computed and plotted in Fig. 8. The effect of seepage forces, the differ- 


tions were analyzed in the slide 


tin the five months prior to the slide. Increase in the fill height averaged — 
proximately 5 ft per month including the shutdown periods. The maximum — 


- - 


ence in weight of shell and core material, and the elevation of the lake 9 
taken into consideration in determining the stress distribution. All fill 
materials were assumed to be homogeneous and isotropic, and had the following 
weights: . 


Weight 
a, Material (Ib per cu ft) 
: Sand material above the saturation line............. 105 
Sand material below the saturation line............. 60) 
Core material (bueyed).... .02.-.-.- ee ee eae ce 65 
Disturbed. shale (Hus yedier aqrisg. cache ee cee e- cee a 78 1 


Using values of tan ¢ = 0.185 (¢ = angle of internal friction) and cohesion 
C = 0.2 tons per sq ft, the shearing strength of the shale (broken line in Fig. 8) 
was plotted so that a direct comparison could be made with the shearing stress. 
It will be noted that there was an overstressed zone from range 4-+00 to | 
6+25. Failure of the weathered shale and bentonite undoubtedly started . 
in this overstressed zone and gradually increased until a sufficiently large area 
had been overstressed to produce failure of the entire structure. This is 
borne out by statements of the eye witnesses concerning the fact that the 
shell moved nearly straight out and the core pool and adjacent shells moved 
down as if dropping into a hole. 

Attention is directed to the fact that in this analysis no consideration is 
given to the strength of the fill material. Where the weak material is in the 
foundation, failure starts in this material and progresses back into the embank- 
ment. It follows, therefore, that failure of the fill material in this case is 
incidental to the prior failure of the foundation material. This is one of the 
fundamental weaknesses of any static slide method, since progressive failure 
is not taken into consideration. 


| 


I, 
7. 
i 
| 
7 | 
i 


) 
' 


? 


a xt > we = 

at A Saturation Line 
tit — — 
te 


ts ‘ t 
|_ Strength Along 
+— Rigid Boundary_t | 


+ Stress Along >= 
Rigid Boundary 


ioe 


8+00 7+00 6+00 5+00U 4+00 3400 2+00 1-+00U Axis 1+00D 2+00 3+00 
Range 


Stress, in Tons per Sq Ft 
= 
ro) 


(0) re | 
10+00U 9+00 
Fic. 8.—Srruss anv Strencrs (TAN ¢ = 0.185, C = 0.2 Ton PER Sq Fr) Atone Ricip BounDARY 


In this method of analysis the over-all safety factor (Fig. 9) is computed 
by taking the ratio of the accumulated shearing strength and stress by starting 
at the toe (Fig. 8) and progressing back to a point where it becomes a minimum. 
It will be noted in Fig. 10 that the safety factor drops below 1.0 at approxi- 
mately range 4+00 and remains below to approximately range 2+00. 
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A stability analysis was made on the same cross section using the static 
slide method. Since the weakest plane across the dam passes through very 
little shell material, the strength of the core is the governing factor. If a 
value of tan ¢ = 0.3 is used for the core material, this method checks the 
elastic theory method. On the other hand, if a value of tan ¢ = 0.6, which 
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Values of cohesion and friction were determined from consolidated shear tests i : | 
on undisturbed samples. | 
The results of these analyses on the sections prior to the slide checked 
against the test data further show that the failure did occur in the weathered 
shale and bentonite, and the results also furnish values for the coefficient of 
friction and cohesion which take into consideration all the variables including ~ 
the excess hydrostatic pressure. In this way, a reasonable over-all value of 
the shearing strength of the foundation was determined for use in the re-design. 

Reconstruction of the Slide Ared.—In all stability analyses for the re-design | 
of the dam in the slide area, values of tan dé = 0.185 and C = 0.2 tons per 
sq ft were used as determined from the analyses of the dam section prior to 
the slide. The re-design was based on two criteria established by the Board 
of Consultants: (1) That the factor of safety of the re-designed section should 
be greater than 1.5, using values of tan @ = 0.185 and C = 0.2 tons per sq ft; 
and (2) that no point in the foundation should be overstressed as determined 
by the elastic theory method. 

Figs. 11 and 12 show the stability analysis by the Fort Peck elastic theory 
method for the re-designed section at Station 15+00. It will be noted in 
Fig. 11 that in all cases the shearing stress in the shale is well below the shearing 
strength at any point, and the safety factor against failure of the main dam is 
1.95 (Fig. 12) and against failure of the outer slope of the berm is 1.85. The 
saturation line shown in Fig. 11 represents the worst condition in the upstream 
shell during dredging operations. As before, all the fill materials were assumed 
to be homogeneous and isotropie and the effect of the seepage forces was 
included in the analysis, 
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F is 
_ strength as determined from previous investigation; and (6) no point in the oe 
- foundation should be overstressed. iy 
In analyzing the center section of the dam over the plastic clay, the results Rati: 
of “quick” or unconsolidated shear tests were used since they gave minimum A ( 


_ values. No credit was taken for the increase in strength due to the consolida- 
tion in the clay strata which had occurred during construction. A maximum 


settlement of the embankment had already exceeded 12 ft. Most of this 
clay. The minimum safety 


therefore, is less than those 
Using the minimum shear 


ee. 


a2 


settlement is due to consolidation of the plastic 
factor as determined for this section of the dam, 
that will actually exist in the completed structure. 
_ values, the minimum safety factor was found to be 1.5. 
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BY, A stability analysis was made for possible failure occurring in the sh. 
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fail. Another condition that adds to the safety factor, but which was difficult [f 


It was the general opinion of the investigating engineers and other engineers 
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on the west abutment at Station 85+00. The minimum safety factor w. 
found to be 1.5. This analysis also has a hidden safety factor. An analysis 
of this section prior to construction of the berm, assuming that it only hada 
safety factor of 1.0, gave values of friction and cohesion that checked the | 
value of tan ¢ = 0.20 and C = 0.2 tons per sq ft used in the re-design. Obvi- 
ously then, this section had a safety factor greater than one, since it did not 


to take into consideration in the stability analyses, is that the shale drops off | 
rapidly at this abutment which leaves only a short distance along the center | 
line comparable to the section as analyzed. | 
- Taking into consideration all the hidden as well as the apparent safety _ 
factors, it is the opinion of the writer that the dam, as re-designed, will have - 
a safety factor, throughout, of approximately 2.0. q 
CONCLUSIONS | 
A number of reassuring conclusions can be drawn from the investigation of 
the Fort Peck Slide, with emphasis on two: 


(1) It can be concluded definitely that the hydraulic fill was not at fault. . 


having an intimate knowledge of the project that the fill material performed 
excellently even under the most difficult circumstances existing during the slide. 

(2) Furthermore, it is encouraging to note that no major changes in soil 
testing or methods of stability analysis were considered necessary as a result 
of the slide investigation, although comparison of the ‘‘static slide method” 
with the “elastic theory method”’ of stability analysis did indicate that the 
latter was to be preferred for the conditions encountered at Fort Peck. 


The paramount question in every one’s mind may be stated as follows: 
How can similar conditions be avoided or anticipated in the future? It is 
apparent, of course, since the slide did occur, that the foundation explorations 
and investigations, extensive as they were, did not indicate to the geologist 
and engineer the extent of the weathering in the shale and bentonite seams 
underlying this part of the dam; nor did they indicate that high hydrostatic 
pressures would develop in the bentonite seam due to the superimposed load 
of the dam. Therefore, the major problem in this connection is to always 
obtain representative undisturbed samples of this type of rock, sufficiently — 
large to reveal the true character of the rock to geologists and engineers. The 
slide investigation at Fort Peck has made a major contribution to this end by 
demonstrating the feasibility of freezing the saturated overburden and taking 
36-in. undisturbed cores from the soil and rock formations. The development 
of hydrostatic pressure in the rock can be determined by the installation of — 
well points or other means of measuring the water pressure. These pressure 
installations should be made at the beginning of construction and readings 
taken periodically. Provisions have been made in the reconstruction plans 


of Fort Peck for observing the hydrostatic pressure that develops in the rock 
and for relieving it where necessary. 
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PLASTIC THEORY OF REINFORCED 
CONCRETE DESIGN 


By CHARLES S. WHITNEY.? M. Am. Soc. C. E. 


SYNOPSIS 
It is the purpose of this paper to present a realistic method for the design 
of reinforced concrete members that should result in more efficient use of the 
materials. The theory of elasticity has proved satisfactory for the determi- 
nation of the forces acting on the various sections of continuous frames or arches 
and much attention has been devoted to various methods of its application. 
The result has been a general extension of its use and a marked improvement in 
: the understanding, by designers, of the action of reinforced concrete structures. 
Corresponding progress has not been made in proportioning the members of 
a structure after the external forces have been determined. The theory of 
elasticity, as applied to design of sections, is too inflexible and inaccurate to be 
entirely satisfactory. The writer proposes the adoption of the plastic theory 
which recognizes the true characteristics of the material determined by research 
since the standard “straight-line theory” was adopted about a generation ago. 
The plastic theory takes into account the plasticity of the material and is in 
itself sufficiently “‘plastic’”’ to be adjusted empirically to actual conditions. It 
*has already been given recognition in the general adoption of the standard 


column formula, and the formulas proposed herein by the writer extend the 
umns, and arch ribs. The 


- same theory to beams, eccentrically loaded col 
- equations are much simpler than the standard for 
test results. They are based on the cylinder strength of the concrete and the 


yield strength of the steel without the use of modular ratio n. A number of 
36 to eliminate the modular ratio, n, but 


mulas and agree better with 


attempts? have been made since 19 
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2*Bruchzustand und Sicherheit im 


1936, p. 317. 
3‘'The Modular Ratio—A New Method of Design Omit 
by various others), Concrete and Constructional Engineering, January, February, 


August, September, October, 1937. 
4“*Considérations sur le Calcul et la Sécurité des Pidces Fléchies. Moments de Rupture,” by R. Coppée, 


Publications, International Assoc. for Bridge and Structural Eng., Vol. 3, 1935, p- 19. 
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4 of rer is as practical o or as i Bide to ae 


a elven herein. The writer has previously published parts of an theory, 
has now improved and extended the equations so that he hopes they ma: 


recognized as forming a satisfactory basis for practical eee and further 


research. : 


INTRODUCTION | 


ee me There are three general steps in the design of an efficient structure: 


: (1) The determination of service conditions depending on the purpose and | 
-——- Joeation of the structure, such as the nature and intensity of loading, the F 
sigh foundation conditions, and the exposure to deteriorating influences; . 
yi (2) The computation of the external forces to which the various sections of 
' all the members will probably be exposed during the life of the structure; and | 

(3) The proportioning of the different parts of the structure so that the _ 
limits of their useful strength may be reached, but not exceeded, under the | 
loading specified. : 


Step 1 leads an experienced designer to the selection of materials and a — 
preliminary layout of the structure. It has been demonstrated by many 
investigations that, in the case of frames or arches of reinforced concrete, the — 
external forces can be computed satisfactorily (Step 2) by means of the theory _ 
of elasticity, based on the assumption of direct proportionality of stress to 
strain. In spite of the plasticity of concrete this is true within the limits of the 
useful strength of the structure, except in some special cases where cracking at 
certain sections sufficient to cause redistribution of moments might not be 
detrimental. In such special cases, advantage might be taken of the increased 
strength due to redistribution of moments, but this must be done with caution. 

A number of tests since about 19367 have shown that the maximum strength 
of a redundant structure is not determined by the first section to reach its 
maximum strength but by the combined strength of the redundant and primary 
members or sections, as explained in 1939 by J. A. Van den Broek,? M. Am. ¢ 
Soc. C. BH. 

Ordinarily, in reinforced concrete structures, the useful load limit of the 
structure occurs when the first section reaches its allowable limit, as determined 
by the permissible cracking or yielding of the concrete while the steel stress is 
still considerably below its yield point. For this reason, it is best to design the 
structure so that, as nearly as practicable, all the sections involved may reach - 
their allowable limits without exceeding them under the service loading. 

Under such a condition, the theory of elasticity is the best guide to the forces 


sal on the different sections.’?7 The probable redistribution of moments 
e “Design of Reinforced Concrete Members under Flexure or Combined Flexure and Direct Co = 
sion,” ” by Charles 8. Whitney, Journal, Am. Conerete Inst., March-April, 1937, p. 483. ‘ ats 


§**Eccentrically-Loaded Reinforced C te y ye 
structional Engineering, London, Novernbur "1938. Seg ky OF Saariee Be ene eee 


7“*The Redistribution of Moments in Reinforced C te B i 
and F, G. Thomas, Journal, Inst. of Civ. ene Vine, 1936, p. 2 ce. Se ee ane 


et eth of Limit Design,” by J. A. Van den Broek, Transactions, Am. Soe. C. E., Vol. 105, 1940, } 
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vable limits of the strengths of the different sections. 


cture so that the limits of their useful strength may be reached but not — 
xceeded under the loading specified. In dealing with a plastic material such as 
ncrete, this limit can best be determined by a theory that recognizes its true 
characteristics. The plastic theory is based as closely as practicable on the 
actual behavior of concrete in combination with steel and makes possible the 
determination of the useful strength of concrete members with more accuracy 
than the present standard straight-line stress theory. The strength and 
reliability of the present-day concrete, and the detailed knowledge gained by 
ees research certainly justify a complete re-examination of the methods of) 
esign. 


Tue StREss-STRAIN CHARACTERISTICS OF CoNncRETE 


The behavior of concrete under stress is extremely complex because it is 
~ influenced by combinations of so many variables that even under well-controlled 
- conditions the prediction of true unit stress is not possible. 


_ manner and intensity of loading, and on time. Change in strain with time is 
due to plastic flow and shrinkage. 

: After years of extensive researches, R. E. Davis, M. Am. Soc. OC. .Hyy e 
— Davis, Assoc. M. Am. Soc. C. E., and Elwood H. Brown state that? 


«“* * * it ig not yet possible quantitatively to state with any degree of 
certainty what is likely to be the magnitude of either plastic flow or 
shrinkage under the conditions which surround any given concrete struc- 
ture; nor is it possible quantitatively to state with accuracy what is the 


effect of plastic flow and shrinkage upon the magnitude and distribution of 
stresses.” 

It has been shown that deformations of stressed concrete change with time, 
and that stresses in a restrained member are greatly affected by plastic flow.’ 
Even short-time measurements are affected by plasticity. On account of the 
variability of this stress-strain relation, it is not possible to determine the unit 
stresses at any particular point in the concrete member by measuring strains, 
except to a very limited degree. 

The modulus of elasticity of concrete used in design formulas is an empirical » 
value assumed because it appeared to make them give satisfactory results. 


beet ts ee 
9‘'Plastic Flow and Volume Changes of Concrete,” by R. E. Davis, H. E. Davis, and Elwood H. 


Brown, Proceedings, A. g. T. M., Pt. II, Vol. 37, 1937, p. 318. 
10 ‘*P]gin and Reinforced Concrete Arches,” by Charles S. Whitney, Journal, Am. Concrete Inst., 


March, 1932. 


The third step in the design is the proportioning of the different parts of the _ i 


ae Su away er, the results cannot be made entirely satisfactory, even by this m 


the assumption that at maximum load the highest unit stress is at the out 
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An almost universal misconception of the behavior of concrete in flexure 


surface. The descending branch of the compression stress-strain curve has 
been generally disregarded because it is difficult to measure and has been | 
considered of no particular interest. ! 

Fig. 1 shows some typical stress-strain curves for concrete cylinders selected H 
from those measured in 1938 by O. G. Kiendl and J. A. Maldari.™ It will be | 
noted that the maximum stress occurs at a strain of approximately 0.002 in. per __ 
in., and that the failure does not occur suddenly but that the stress is reduced 


: dy 
gradually as the strain continues to increase. j 
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Fic. 1.—Tyricau Srress-Srrain Curves For CONCRETE CYLINDERS IN COMPRESSION 


In making these tests, the machine head was moving continuously at the 
rate of 0.06 in. per min. The effect of time on the stress-strain relation is 
believed to be similar to that in the case of tests on beams. It is probable, 
therefore, that these curves indicate the form of compressive stress distribution 
in a beam at ultimate load in the concrete in the zone where the unit strain 
exceeds about 0.002 in. per in. In the case of a beam under partial load for a 
long time, plastic flow will modify the stress-strain relation so that the descend- 
ing portion of the curve is perhaps of no significance. It is the writer’s purpose 
in this paper to present a method of predicting ultimate strengths. No 
attempt will be made to determine actual stresses. 

In considering the effect of the large strains occurring in a beam as the 
maximum load is approached it should be remembered that, under favorable 
circumstances, concrete strained beyond its point of maximum resistance will 
regain its strength after a rest.22 


1A Comparison of Physical Properties of Concrete Made of Three Varieties of Coarse Aggregate,” 
a thesis by Oscar G. Kiendl and Joe A. Maldari, presented to the University of Wisconsin, Madison, Wis., 
in 1938, in partial fulfilment of the requirement for the degree of Bachelor of Science in Civil Engineering. 
12“*Autogenous Healing of Concrete,” by M. W. Loving, Assoc. M. Am. Soc. C. E., Bulletin No. is. 


Am. Concrete Pipe Assoc., 1936; and ‘‘Autogenous Healing of Cement and Concrete,” by Leslie Turner, 
London, International Assoc. for Testing Materials, April, 1937. 
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_ PLASTIC THEORY “1753 


Because the straight-line formula applied to test results indicates that the 
— concrete stress at maximum load in an over-reinforced beam is much higher 
(about 50%) than the cylinder strength, and because the maximum strain in 
the beam is much higher than that in the cylinder at maximum load, it has been 
| concluded quite generally that the concrete does not behave the same in the 
3 beam and in the cylinders. Although there is undoubtedly some difference due 
_ to the shape of the unit and the distribution of stress, it will be shown that this 
- difference may not be substantial and that the behavior in the compression side 
of the beam may be fully explained by the stress-strain characteristics of the 
cylinder. 

It is obvious from a comparison of the different curves of Fig. 1 that even 
in controlled tests there are such great differences in the strains that no very 
_ refined theory can be justified. There are general characteristics, however, that 

form the basis of the plastic theory and indicate the form of the equations, 
"leaving certain empirical constants to be determined by actual tests on beams. 
In this manner, simple formulas can be derived that have a more satisfactory 
- theoretical basis than the present standard formulas and that give more 
accurate results. 
a The ideal stress-strain curve in Fig. 1 was derived from cylinder tests of con- 
crete with a strength of about 4,000 Ib per sq in. It has been proved that the 
strain in the compression side of a beam increases practically in direct pro- 
* portion to the distance from the neutral axis. Therefore, the ideal curve to the 
— left of any particular ordinate corresponding to the strain at the outer surface 
of the beam will represent the variation of unit compression stress in the 
concrete. If the strain in the steel is known, the location of the neutral axis and 
the resisting moment of the beam can be computed. The tension in the 
concrete will be neglected because the effect ig small at high loads and the error: 


is on the side of safety. 


ik 3 


om 
. 


bie Sibi hod hai hands basa 


e'= 0.00133 
STRAIN 


STRESS 
Fic. 2 


As an example, Fig. 2 shows the distribution of stress in the beam assuming 
a unit strain of e€ = 0.003 at the face of the concrete and e’ = 0.00133 at the 


steel corresponding to a steel stress of 40,000 lb per sq in. 


ne , BR iy A ce kit 4 
as The computed Tati of i ioe +: ; = 0.692. By integra Ce 
strain curve from. zero to the ordinate where the strain eis 0. 003, it is found t 
a the area is 0.803 ef.’ in which f,’ is the maximum concrete stress and e is 
‘maximum strain. Furthermore, the center of gravity of the areaiste = 0.571 € 
from the origin. Applying this area to the depth of the beam above the neutral 
axis, substituting & d for e, the area represents the total compressive force in the | 
beam; and it equals C = 0.803 f.’ kd = 0.556 f-’ d. aie" the moment arm — 
from the steel to the center of compression is jd = d —kd(1 — 0.571) 
= 0.703 d. The bending moment for a unit width of cient is then: 


$f M = 0.556 f-' d X 0.703 d = 0.301 fz @.....0....00- (1) 
es . Corresponding values of moment have been computed for other concrete and 
oe steel strains (see Fig. 3(a)), using the formula 
) M ; i 
== = KAR Bye. sceptics: Se 2)% 
; , Te kAQ—k+k2). 2)" 
in which 
resale — Ss ae ts ee (3a) 
and | 
res? fat 
i= Afra er eee (3b) | 
In these computations, the values of distance £ and area A given in Fig. 3(6) | 
were used, based on the ideal stress-strain curve. The maximum ordinates in © 
Fig. 3(a) give the maximum resisting moments of the beam. They are signifi- | 
cant quantitatively only in a general way but they are of great value in indi- 


cating what is happening in the beam. The actual maximum value can best be ~ 
determined from tests on beams. 

It is particularly interesting to note that the maximum bending moment is 
not developed when the stress at the surface of the beam reaches the maximum 
cylinder strength. As the bending increases, the surface stress decreases but — 
the resisting moment of the beam continues to increase until the strain at the © 
surface is roughly twice that of the cylinder at maximum load. This ratio will 
vary with the quality of the concrete and the steel strain. 

These large strains in the concrete are principally plastic and result in a 
redistribution of stress as the moment is applied. This yielding brings the 
center of the compressive stress much nearer the tensile steel than indicated by 
the standard straight-line formula. A very important feature of this redistri- 
bution of stress is that it apparently does not affect the fatigue limit of the beam 
adversely. Tests made by J. L. Van Ornum,™ M. Am. Soc. C. E., on heavily 
reinforced beams that failed in compression showed that the fatigue limit at 
which beams failed under repeated loading was between 50% and 60% of the 
static strength and practically the same percentage as the fatigue limit of 
$$ 


reat Bae: Fatigue of Concrete,’ by J. L, Van Ornum, Transactions, Am. Soc. C. E., Vol. LVIII, June, i 
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This is important because it indicates that 
of the beam may be higher than the 
s a redistribution of stress in the beam 
n 50% of the ultimate static 


ment before failure takes place. 
@ although the stress in the outer portion 
fatigue limit as shown by cylinders, there i 
so that the fatigue limit of the beam is more tha 
strength of the beam. 

It has been proved that plastic flow is ap 
at low stresses, but for higher stresses the p 


proximately proportional to stress 
lastiec strain increases much more 


in | Ray than the stress.!4 This is to be ea from the shape of the or 


_ factor of safety to the ultimate strength. 


stress-strain curve. 3 
It is obvious that if the fitiene ferfee is a reasonably definite psrearee ol 


the ultimate strength, the ultimate strength is itself a better measure of the 
useful strength of the beam than is the unit stress calculated by the standard 
straight-line formula based on an arbitrary value of the modulus of elasticity. 
The useful strength can then be determined most effectively by applying « 


Professor Van Ornum also found that the deflections of beams under re- 
peated loading below the fatigue limit became elastic after a number of repe 
titions, and the modulus of elasticity was reduced to about 80% of the initial 
value. 

No information is at hand regarding the effect of full reversal of loading on~ | 
heavily reinforced sections, but this is not a usual condition in concrete struc- | 
tures. Beams with about 0.3% of steel showed about the same fatigue limit 

i 
under reversed loading as under repeated. Maximum loading conditions occur — 
so infrequently in the life of most structures that this may not be important — 
ordinarily; but more information should be obtained. | | 

Since the stress-strain curves are so variable and indeterminate (as indicated Fi 
by Fig. 1), a very exact formula based on this relation is not practical. Fortu- — 
nately it is practicable to derive a simple formula that will give the approximate 
location of the center of the compression force more satisfactorily than the © 
present standard formula. A simple expression for the maximum limiting ~ 
value of the compression force and the bending moment can also be determined — 
from beam tests. 


RECTANGULAR BEAMS AND SLABS 


If it is assumed that the stress distribution in a concrete beam at failure has | 
the shape of the cylinder stress-strain curve shown in Fig. 4, the total com- 


Ba 
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pression, C, is the area bounded by the curve. The line of action of C lies 
through the center of gravity of this area. From an examination of the ideal 
stress-strain curve in Fig. 3, it is found that, if the actual area is replaced by an 
equivalent rectangular area of width equal to 0.85 f,’ and depth equal to a (as 
shown in Fig. 4), the location of the center of gravity of this rectangle corre- 
sponds closely with that of the actual area. 


| 
| 


| 
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recta AT stress ock of equal size that has an average stress inte 
0.85 f-’. This does not mean that this method is based on the as. 
n of rectangular stress distribution. The use of the rectangle is merely 
thematical device to approximate the effect of the true distribution. — 
ould be possible to use any curved shape that would give the same area and 
nter of gravity, but the rectangular area appears to be entirely satisfactory 
gives the simplest possible mathematical solution. This conception forms __ 
the basis of all the following formulas, and they give good agreement WL thc aes 
- tests. The assumption of a concrete stress equal to 0.85 f.’ corresponds to the ~ 
actual strength in columns and permits a consistent treatment through the full 
_ range from pure flexure (eccentricity e = ©) to axial load (e = 0). 
___It should be noted that the depth a does not correspond with the depth to 
_the neutral axis, k d, and it bears no definite relation to it. The value of k dis 
_ determined by the strains at the top and bottom of the beam but ais determined 
_ by the strengths of the materials. 
For practical purposes, the action of the beam may now be described as 


follows (see Fig. 5): 
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reinforced so that the primary failure will occur in the 
ack as the steel stretches, and the equivalent 
will decrease until the average effective 
The concrete will then fail progressively, 
causing failure of the beam. 


ie If the beam is under- 
tensile steel, the concrete will cr 
depth of the beam in compression, 4, 

~ concrete stress reaches the maximum. 
reducing the lever arm of the steel and 
Therefore: 


a= a a ee AT oy ee eC ek (4a) 
0.85 b fe b Se Maeght 
r = P Con Ca rs O- CUO Je) KONO REO ORC OMRIRE I 7 4b 


* Equation Nos. marked thus are essential design formulas. 
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The lever arm of the steel reinforcement is then 


The ultimate resisting moment of the beam as controlled by steel jai can 


be written: . 
A,m ol 
Mme Asfe= Af ( ab ) ee (7a) : 
= or - : 
n hi _pm ~ = 
é P= on ( hes Sco ee ee .: rOry 
| Also, for under-reinforced beams, 
ee ee oF at (8) 
from which 


and 


The foregoing expressions are extremely simple and are independent of n. 
It should be noted that all of the equations in this paper apply only to ultimate 
load conditions and are not intended to predict stresses under working loads. 
The required steel area is 


In case the moment is less than that required to cause a primary compression 
failure in the concrete, from Eq. 7b 


= 
——<x 


Bee, 2 M . 
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h limiting value of the depth of equivalent compression, a, for equal concrete 

and steel strengths in flexure can best be determined experimentally. If there 

3 at least sufficient steel to fully develop the strength of the concrete, additional 
el does not materially increase the strength of the beam. ‘ 


a 


The limiting value of 7 computed from tests reported by Inge Lyse, and the 


te W. A. Slater,» Members, Am. Soc. C. E., is given in Table 1. Eliminating 


TABLE 1.—Bram Tests REPORTED BY SLATER AND LYSE 


AcruaL Maximum 


: Com- iat epee BY 
uted Axtmum MomENtT 
: _ | Cylinder Actual Eq. 9a | Eq. 9b Pia AS COMPUTED BY 
_Group| d | 6 | Ratio |strength pou o ; mum 
7 No. | (in.) | (in.) Dp (lb per ieee t - = moment 
; sq in.) db-in.) d d ee Cc Para- 
; ae EC! : 
E (Ib-in.) Eq. 12 — Bolle 
Tues rmals 
8.2 | 0.021 1,390 597,000 | >1.0° See 396,000 1.5082] 2.06¢ 1.502 
8.2 | 0.028 2,790 818,000 0.544 0.728 811,000 1.007 Lok 1.03 
8.2 | 0.037 4,070 | 1,152,000 0.515 0.742 | 1,183,000 0.973 1.50 0.98 
8.2 | 0.047 4,800 | 1,360,000 0.554 0.723 | 1,342,000 1.013 1.54 1.00 
8.3 | 0.056 5,740 | 1,584,000 0.481 0.759 | 1,660,000 0.955 1.46 0.95 
8.2 | 0.030 2,590 | 1,805,000 0.9102] 0.5452) 1,430,000 1.2622} 1.85 1.27¢ 
8.2 | 0.039 4,130 | 2,196,000 0.518 0.741 | 2,250,000} 0.976 1.50 0.97 
8.3 | 0.028 2,950 | 1,240,000 0.553 0.723 | 1,220,000 1.016 1.56 1.03 
8.1 | 0.031 2,760 543,000 0.6702} 0.6652} 478,000 1.135¢| 1.664 1.13¢ 
7.9 | 0.032 2,900 310,000 0.7082| 0.6462] 266,000 1.1662] 1.694 1.14¢ 
8.0 | 0.030 2,820 129,000 0.552 0.724 127,000 1.016 1.48 1.00 
: 8.0 | 0.040 3,810 179,000 0.576 0.712 171,000 1.046 1.55 1.03 
gee a ee et calmer | (aera all ES See ee 
eee 
PROSE 2c tin ate So sini wwe prisiwisjeicieims = seteye se ers 0.537 0.732 oi dd 1.00 1.52 1.00 
Standard Deviation......------+++++++s50 > +0.024 | +0.012 Brat +0.024 | +0.028 | +0.024 


a These values not included in average. 


four groups of beams that appear erratic, the mean value of 5 is 0.537 and 5 is 


0.732. The corresponding ultimate resisting moment is given by the expression 


— M aes a ee e 
. — = = oe | oo an FU Se A CEA: 3 12 
; me 0.85 f. “(1 =) 3 (12*) 
For comparison, Table 1 gives the maximum moment for the test beams as 

- computed from the American Concrete Institute (A.C.1.) formula and from 
the parabolic formula*® using the measured value of n. The standard deviation 
is practically the same in the three cases indicating that there is no advantage In 


using a formula involving 7. 


Fig. 6 shows the value of b a ; given by 36 beams tested by Professors 


Slater and Lyse,!? and 33 beams tested by the late Richard L. Humphrey, 
M. Am. Soe. C. E., and Louis H. Losse'® which had sufficient steel to cause a 


15 ‘‘Compressive Strength of Concrete in Flexure,” by W. A. Slater and Inge Lyse, Journal, Am. 
Concrete Inst., June, 1930, p- 831. 
16 Loc. cit., p. 861. 


17 Journal, Am. Concrete Inst., 1930, p. 850. ; : 
18'The Strength of Reinforced Concrete Beams,” by Richard L. Humphrey and Louis H. Losse, 


Technological Paper No. 2, National Bureau of Standards, 1912. 


primary Lae or concrete Faileren unless the steel percentage i is considera 
n the critical required to develop full concrete strength. The differ 
inot be detected by measuring the maximum strain in the concrete as it m + 
De as large in either case. A slight stretching of the steel will reduce the 
8 concrete compression area and will cause, in an under-reinforced ea wha 
: appears like a concrete compression failure. 
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The value of ren shown in Fig. 6 is unaffected by the concrete strength | 


between 3,000 and 6,000 lb per sq in. » although it rises about 50% for weaker 
concretes from 3,000 to 1,000 lb per sq in. With present methods and mate- | 
rials it is not probable that structural concrete will have a strength less than — 
2,500 or 3,000 Ib per sq in., and if a weaker concrete is used, a greater factor of 
safety is appropriate. Therefore, it appears that a value of 0.333 for ren 
can be used generally. 
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For beams with less steel, the allowable hantine moment is given by Eq. 7. 
able 2 shows the results of the application of Eq. 7 to 72 beams of the series” 


“ABLE 2—ComPaARISON OF CompuTEeD AND AcTuAL ULTIMATE SrrENGTH 
or BEAMS ee 


Computed eos 


= Actual c maximum | maximum 

r Yield maximum | 5 from moment | moment 
ie ¢ moment B from divided 

e 100 »| eink, | db-in.) a Pha hae, by 

a ay A eee ) (b-in.) | computed 


(a) GraniTn AGGREGATE 


| 
1 4 3,241 10 0.49 42,490 177,000 0.9621 160,500 1.103 < Ar ios Ae 
2 4 2,807 10 0.98 43,043 321,000 0.9115 307,506 1.043 p i 

3 4 3,158 94 1.96 41,857 492,000 0.8350 507,000 | 0.970 

4 52 5,589 10 49 42,573 193,600 0.9780 163,500 1.183 

5 52 5,086 10 0.98 42,320 340,000 0.952 319,000 1.066 

6 52 4,957 93 1.96 41,877 543,000 0.895 545,000 0.996 
Pp after =) ee ee 

s 
(b) LimestoNE AGGREGATE a 


a 4 2,087 10 0.49 a 164,000 0.9425 154,000 1.064 

8 4 2,600 10 0.98 40,797 291,000 0.9095 289,000 1.006 s ) 
9 4 2,725 9% 1.96 38,037 471,000 0.815 451,000 1.044 ‘ 

10 52 4,069 10 0.49 41,003 183,000 0.9708 157,000 1.165 

11 52 4,360 10 0.98 41,413 317,000 0.9451 307,000 1.033 

12 52 4,230 9% | 1.96 37,673 532,000 0.890 487,000 1.092 


(c) GravpL AGGREGATE 
et ses pg fo es Se 


my 2013 4 3,441 10 0.49 43,447 169,000 0.9635 164,000 1.030 
; 14 4 3,440 10 0.98 42,600 321,000 0.9285 310,000 1.035 
15 4 3,376 9% 1.96 38,633 504,000 0.857 482,000 1.045 

ey 16 52 5,186 10 0.49 44,140 173,000 0.9754 169,000 1.022 
a 17 52 5,242 10 0.98 40,107 356,000 0.9559 300,000 1.186 
: 18 52 5,467 94 1.96 38,643 533,000 0.9120 512,000 1.042 


(d) Crnpers AGGREGATE 


F 19 4 1,629 10 0.49 37,357 163,200 0.9337 138,000 1.182 

fa] 20 4 1,555 10 0.98 41,170 281,000 0.8475 273,000 1.030 
21 4 1,643 yy 1.96 |: 37,887 403,000 0.7315 376,000 1.071 

22 52 2,944 10 0.49 38,343 172,600 0.9624 145,000 1.188 

23 52 2,619 10 0.98 41,103 306,000 0.9090 293,000 1.044 

24 52 2,763 94 it 38,047 488,000 0.827 458,000 1.064 

« h i Average...-.ss.sseeersenst ee 1.071 
Bee cont Standard deviation....------:> +0.05 


+’ Determined by Opnetets strength, Eq. 12. 


~ tested by Messrs. Humphrey and Losse!® except Item 21 for which Eq. 12 
~ eontrols because of low-concr ete strength. The average ratio of actual 

maximum moment to that given by Eq. 7 is 1.071 to 1. Eliminating the low- 
- strength cinder concrete beams (Table 2(d)), the ratio is 1. 062 to 1. Classified 
according to age, the ratio is 1.052 to 1 at 4 weeks, and 1.09 to 1 at 52 weeks. 


oy — 


"provement over the j-value given by the standard formula. This is clearly 


reall ~ Pp: te orepat col id 
conc rete as the per el is reduced. There appears to be 


n between the modulus of elasticity of the concrete and the aceurs 


. 


ay The value of the steel lever arm, os from Eq. 6 shows a substantial im- 


shown by the aforementioned tests.” * The general trend of the comparative 


_ values is shown in Table 3 computed for different percentages of steel in a 


= er: 
TABLE 3.—CoMPARISON OF j AND qa 
(fe’ = 3,000 Lb per Sq In., f, = 50,000 Lb per Sq In., n = 10, and m = 19.6) 
SranpaRD MrtrHop Puastic THEORY 
a ( =92™ ) 
k = V2pn + (pn)? — pn. j da 2 
0.005 0.270 91 0.951 
0.010 0.3585 0.880 0.902 
0.0113 0.376 0.875 0.889 
0.020 0.400 0.867 0.804 
0.027 0.516 “82 0.732 
, 
, 


| 
. | 
\ 


beam with 3,000 lb per sq in. concrete and 50,000 lb per sq in. yield point steel. 
It will be noted that for the smaller percentages of steel, ; is larger than j and 


. 


this increase is fully justified by the Humphrey tests. As the percentage of 


steel increases to more than that commonly used, 5 becomes subtantially 


Am bP ls Ne CN il 


smaller than j. The importance of this reduction is shown in the tests by | 
Messrs. Slater and Lyse!® who reported that the steel stresses at failure of the _ 
beams were considerably higher than the theoretical values. Table 4 gives a 


TABLE 4.—ComparRIsON OF j7 AND “ AT FAILURE 


Srrtzs No. wm 
Description } 
2 3 4 5 
of CR MBONBUICHE: stash kale sien ckate ate) eae 0.812 0.801 0.808 0.798 
Values of j er be RN rire ak Mls om ee ah: 0.718 0.740 0.730 0.735  & 
Plastic theory; values of by Eq. 6 


Nasa a Rig iia so ate chee 0.728 0.743 0.723 0.759 


comparison for four series of beams for which strains were measured close to 
the ultimate load. The values of j at failure have been estimated from the 
observed values. It is seen that the actual 7 was much lower than the theoreti- 


cal and corresponds very well with as given by Eq. 6. 
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nitted because of the uncertainty of the fa tee Va of eube strengtl 
Eien strength. It is probable that the cylinder is a more satisfactory i n 
sipeeap of the concrete in a beam or column than is the cube. ess 
_ Eq. 7 does not recognize the excess strengths that have been reported | 
Penis and slabs with small percentages of steel,!® but the use of small p 
centages of steel is not likely to be as satisfactory in practical construction as it 
is in the laboratory, and it has not been demonstrated that the excess strength 
will not disappear under repeated loading. Considerable cracking of slabs in _ 


F,! = 3000 Lb per Sq In. 
f, = 50000 Lb per Sq In. 


Mea eee. 

A 
© 

ee ice an 


From AC.I. Formula 


0.01 0.02 0.03 0.06 
Percentage of Steel, p 


M 
bd? 
w 
S 


b 


Values of 


Be 


Fie. 8.—Compartson or Ruststina Moment or Recrancunar BEAMs CoMPUTED FROM 
Varrous ForMvuLAs 


buildings has been observed in the past few years. This is evidently due to | 
shrinkage and lack of plasticity in the relatively high-strength and rapid- 
hardening concrete, so the use of small percentages of steel should not be 
encouraged. The effect of the foregoing formulas on rectangular beam design 
is indicated in Figs. 8 and 9. Fig. 8 shows the allowable oa given by Eqs. 7 
and 12 for different values of p with a factor of safety of 24 as compared with 


19 "A Study of Reinforcement in Concrete SI bs ibys i rnal, 
Am. Concrete Inst., September- October, 1936, p. L S De a Wermecbe iva 5 


w ays Raa ees eka mes | 

né ee a of the Americar Concrete Institute when f.’ = 3,000 lb 

oie Be fe= B00; Hb per sq in. The new formulas raise the critical 

er eee of steel from 0.0113 to 0.0273, and the allowable a from 197.5 

- Fig. 9 is a universal design di ivi a # 
sign diagram giving values of 7 pant p for all grades 


4 of concrete and steel. The advantage of the simplicity of the basic formulas is 


0.05 


0.04 


M 


ba? 


Values of 


2 
Percentage of Steel, p 


to tests covering the full range 
there appears to be no reason 


obvious, and since the equations conform so well 
of steel and concrete strengths used in practice, 
that they should not be used for design. 


Design oF T-BEAMS 


.7 and 12) can be directly 


The foregoing formulas for rectangular beams (Eqs 
does not exceed the flange 


applied to T-beams when the depth of compression, 4, 


given by 


and 


- When the flange thickness is less than 0.537 d and it is desired to take into 
account the area of the stem between the flange and the line 0.537 d from the 

top, this may be done by assuming that the area is working at an average 
stress of 0.85 f,’ and taking moments about the center of the steel area. 


In applying Eqs. 14 to T-beam design, it is important that special con- — 


sideration be given to the width of flange that is assumed to be effective. The 
few tests made by C. Bach?* to determine the effective width of flange were 
made on a very low-strength concrete (a cube strength of about 1,700 lb per 
sq in.) which would probably have a higher relative shearing and tensile strength 
than the modern high-compressive-strength concrete. For this reason and 
because of the tendency for shrinkage cracks to form alongside of the beams, 
even when the slabs are well reinforced, a more conservative value for flange 
width should be used than that permitted by standard codes. The projection 
should probably not exceed four times the flange thickness until more definite 
information is available. With the greater efficiency provided by these 
formulas this width should be sufficient in most cases. 


Beams REINFORCED FOR COMPRESSION 


Steel in the compressive side of a beam acts as it does in a column. If the 
beam fails in compression, the concrete strain will be great enough to stress the 
compression steel to its elastic limit provided it does not slip or buckle. 

If the beam fails in the tensile steel, the presence of the compression steel 
will have comparatively little effect on its ultimate strength. The ultimate 
bending moment in compression is computed by adding the moment of the 
steel compressive stress to that of the concrete stress (see Fig. 10). Then the 
ultimate moment at which the beam will fail in compression, assuming it to be 
fully reinforced in tension, is 


/ 


; M. = ‘4 OG fled ASS cee eee (15a*) 
or 

dpa Psi gid: 

b@ => 3 a Pp Ts Sed Speake RDU NSE few kre ieae (pbs) 


in which A,’ is the area of the compression steel, and d’ is its lever arm. If the 
yield point of the compressive steel has a value of f,’ different from f,, it can 
a ee ee ee 


30**Versuche mit Eisenbetonbalken,” von C. Bach and O. G f, Mitéei il } 
auf dem Gebiete des Ingenieurwesens, Heft 90 and 91, Berlin, 1910. dein nein cui apie 38 


Fie. 10 


=. When the beam is under-reinforced in tension, the lever arm of the tensile 
_ steel can be computed as if the compressive steel is stressed to its elastic limit 
¢ and the remainder of the compression is on the concrete. The calculation is 
made as if the tensile steel were in two parts, one to balance the compressive 
- steel and the other to balance the stress on the concrete. The ultimate tensile 


moment is then 


ye” 


Mad Af, + (Ac) E se Che NaF pera (16*) 
: Hoty ;,+(0- 2) (1-2 Bl orn 


and the tensile steel required is 


greater than A,’. If A,’ is the greater, the 


Eqs. 16 and 17 assume that A, is 
and Eq. 16 becomes: 


lever arm of the tensile steel can be taken as d’ 


checked against the results of tests with satisfactory 
failure is not caused by shear or bond. The results 
y C. Bach and O. Graf at 
Emperger” are of interest 


Eqs. 15 to 18 have been 
| agreement provided that 
of tests of beams with compressive steel made b 
Stuttgart, Germany, and reported by Fritz von 
’ by Fritz von Emperger, Vol. 1, 3d Ed., p. 225. 


21 ‘Handbuch fir Hisenbetonbau,’ 


in. was developed in compression 7 
ield point the failure was in bond before the full str 


x ir 4 “pe 7 eet 


indicate that, because of buckling due to the twisting of the bars, they are not 
___ as fully effective in compression as they are in tension. — ; 


2 = 


It is extremely important, of course, to provide against failure by bond. 
_ shear, and buckling in highly reinforced beams. ~ 


FLEXURE AND Direct Loap ON RECTANGULAR SECTIONS 


_ The strength of the compression side of the section will be the same when the 

‘member is subjected to bending and direct load as it is under flexure alone. — 

Therefore, Eq. 15a can be used to predict the resistance to compression failure _ 
of an eccentrically loaded rectangular section. 


When there is sufficient tensile steel to prevent a tension failure,* the ulti- 


mate compressive moment is (see Fig. 11) M =P (« +d—- +) ~ pod fl! 


+ d' A,’ f, from which, if d = ate 


2A ys, bt fe’ 
Pa ee eee eae 
Pe + Be, 6AT SOR (20*) 
d’ yr TET te 


Eq. 20 gives the theoretical value when the eccentricity of the load is greater 
than the eccentricity of the resisting forces in the compression side of the sec- 
tion. Because of its derivation it has no theoretical meaning for smaller 
eccentricities but it can be adjusted to the smaller range by making P approach 
the proper value for an axially loaded column as e approaches zero. The first 


2 “*Versuche iiber Zielsic 


EEE Ew 
Beis, January 20, tone here Betonbildung und an druckbewerten Balken,” by Rudolf Saliger, Beton 


%**Plain and Reinforced Concrete Arches,” R t i i i 
Modine, co eee comet Eni sions Committee 312, by Charles S, Whitney, Chair- 


ad so the second term becomes 
ae € 


20 becomes: 


oat 


tf 


which gives the strength of the rectangular member as controlled by compression 


strength. Eq. 21 gives values which agree satisfactorily with tests, as will be Ee 


ee Ce COL Ome dose OE 


iy 
? 
. 


_ shown subsequently. 
- . The formula for the strength of the member as controlled by ultimate tensile 
strength of the steel for the larger eccentricities will now be derived. If the 


4 


~ member is over-reinforced on the compression side so that the compression steel — 


is sufficient to take the total compression force without help from the concrete, 


Do POW er Esa a LAGI Ui alo 


the value of the ultimate load can be expressed by taking moments, and 
= 2d’ if 
iP es A ihe Qe FO ee eee ee (22 ) 


When there is not sufficient compression steel to take all the compression 
force, it may be assumed for practical purposes that both the tension and 
compression steel will be stressed to the yield point at ultimate load, and the 
remainder of the compression load on the section acts on the compression side 


_ of the concrete over an equivalent depth equal to a. This total compression 


on the concrete is then 0.85abf,’ and it follows that P + Acfs = Ac’ fe 
; P. m 
+0.85 a Dic or, 0.85 a b féi=P+(A.—A: ) si and a=oa5pfe t (AeA) ie 


: : EL ee 
in which m = 0.85]! 


Then taking moments about the tension steel, 


Substituting the previous values and solving for P, we find: P = 0.85¢ ie 


x{[[f-05+@-r0m | +22 pm pv) m[ 2 +1-@- Pm 


-[g-osto-nm]| es Ole te ne Pes aan se sisis ot seme em ( 


For the symmetrical reinforcement, when p = P’, this reduces to 


i fe aie d’ é oAbe 
p= osstbi/ | (4-05) cop ae bees ( ) 


P= ssaheein 


| aS es ee See! Sere coe HO 


- 


7 On account of the assumption that the steel on the side of the column away 
' from the load is in tension, Eqs. 24 have no significance when e is very small. 
That case is covered by Eq. 21. : 


When the value of ; is large, it is difficult to obtain satisfactory accuracy 


in solving Eqs. 24 with a slide-rule. Formulas can be derived in another form © 
to cover the same case in the same manner as Eqs. 16 and 17. This can be 
done most conveniently in terms of e’, the eccentricity measured from the 
tensile steel. 

Assuming the compressive steel to be working at yield-point stress, the 


» ; Ul 
ae percentage of tensile steel required to balance it will be A,’ ( 1— a | . Sub- 


tracting this quantity from A., the percentage of tensile steel that is dependent 
on the development of compression in the concrete for its fulerum to work 
against is determined. The value of P that can be resisted by these two 
portions of the tensile steel can be written and combined as follows: 


ms P=t.|a.—4r(1-$) | POSS day, Pe. (25*) 


. x 
=f in which 
r 


e= 5 {are — Ve —o + 22] 4-4 (2-4) || | 
=| 


When the reinforcement is symmetrical, A,’ = A, and Eq. 25 reduces to 


= Ta oe he eae (26a*) 
eae ean + 2f am (e’ — d)? + 2d’ Asm 


When there is no compression steel A,’ = 0 and this becomes | 


td — 4s] (ap 4 22am 

P = Ags : 

As fe Swag (26) 
Aes i (pee 2 8 
e + 4/ ee 


Tables 5 and 6 compare the values of ultimate load given by Eqs. 21 to 26 with 


462 


mi 


lo 


q cube strength into cylinder strength, and it is assumed the strength of the 30 cm 
: cube per sq in. is 1.13 times that of the standard 6-in. by 12-in. cylinder.?” 


TABLE 5.—ComparIson oF ACTUAL AND CompuTED Uttimate Loaps For 


Cotumns TESTED UnpER Eccentric Loaps 


Acruat Loap ActuaL Loap 
f (Ls) Com- © (Lp) Com- 
gee uted Col. 3 puted | Col.3 — 
o. ; ultimate Col. 5 ultimate 1.5 
Ulti- First | load (1b) Ulti- First | load (1b) a 
mate crack mate erack 
(2) (3) aC?) (5) (6) (3) (4) (5) (6) 
(a) Serres I; p = 0.005 anv p’ = 0 (b) Sprres IV; p = 0 anv p’ = 0 
21 618,000 RAR 596,000 1.04 609,000 bavige 597,000 1.02 
-20 24c hse be ees ow 300,000 208,000 299,000 1.00 
.375 24c pie ces ont te sae tack 180,500 91,900 149,000 1.21 
.50 24c 204,700 75,700 203,000 1.01 52,800 52,500 0 Ana 
.75 24e 132,700 44,800 123,300 1.07 ie ets aust 
.25 24c 66,000 23,500 62,500 1.07 warts wiagite 
eee ee a ee 
(c) Series II; p = 0.005 anp p’ = 0.005 (d) Serres III; p = 0.0095 anp 
p’ = 0.0095 
2 ee ee a pad ants oe 
it) 21 735,000 Sr oe 729,000 1.01 892,000 etoite'g 835,000 07 
25 21 447,000 293,000 423,000 1.054 496,000 358,000 486,000 022 
.50 246 273,000 77,800 257,000 1.06 347,000 99,000 343,000 1.01 
.75 246 153,400 45,200 148,000 1.03¢ 231,500 58,900 219,000 1.05¢ 
.25 246 71,300 22,300 68,500 1.044 118,000 27,700 116,400 1.01 


— 


a Two tests each: all other determinations based on three tests each. 


The Bach and Graf tests (Table 5) show very close agreement with the 
formulas for the full range, with the actual strengths slightly larger in all cases. 
They were made on 49 columns about 16 in. square with an equivalent cylinder 
strength of 2,830 lb per sq in. The steel had yield strengths of 53,700 lb per sq 
in. and 50,900 lb per sq in. with p equal to 0.005 and 0.0095, and p’ equal to 
zero, 0.005, and 0.0095. ‘The tests therefore covered a very significant range. 
The details of the sections, and the agreement between the actual and theoretical 
strengths, have been presented elsewhere.”® 
The Richart and Olson tests (Table 6(b)) on knee frames?® show excellent 
agreement with the exception of No. 9 which had about 3% of tensile steel and 
failed at about 85% of the load given by Eq. 26b. Cracks formed before 
ced Concrete Columns under Axial and Eccentric Load,”’ by 


dem Gebiete des Ingenieurwesens, Vols. 166 to 169. 
F. E. Richart and T. A. 


~ 


24‘*Tests of Reinforced and Unreinfor 
C. Bach and O. Graf, Forschungsarbeiten auf 

%‘‘Rapid and Long Time Tests on Reinforced Concrete Knee Frames,” by 
Olson, Journal, Am. Concrete Inst., March-April, 1937, p. 459. 

2 ‘*Tests of Knees for Continuous Frame Concrete Bridges,’ 


News-Record, January 18, 1923, Vol. 90, p. 108. is aie Pe 
27‘ i Sh of Test Specimen on Compressive Strength oc oncrete,” by H. I’. Gonner- 
man, See aie ote ae Bulletin No. 16, Structural Materials Research Laboratory, Lewis Inst., Chicago 


Til., 1925. 
28 Journal, Am. Concrete Inst., 


’ by Arthur G. Hayden, Engineering 


Vol. 12, No. 1, September, 1940, p. 1 (compare Figs. 5, 6, 7, and 8). 


; tirk “- ™y 
e parallel to the i ita ace ie Fas indi ma 
been De by high shearing stresses due to the sharp curvature of ‘the 
_ compression stress around the angle of the knee. The other frames with about 
1% of steel failed primarily in tension and indicated no weakness in compression 


due to the concentration of stress at the knee when the ordinary percentage of 
reinforcement is used. More information is needed regarding the knee effect 


with higher steel percentages. 


~ 


TABLE 6.—Tests or REINFORCED CONCRETE KNEE FRAMES 


Srre, AREA Dimensions (In.)# 
(Sq In.) 
No. 7 (Ib) 
Ae Av’ d a’ as (Lb) |Eq. No. re 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) : 
(a) Raprp aNnD Lone-Timz Tzsts (6 = 12 IN. AND fs = 48,300 LB PER Sq IN.)¢ =| 
ee a cS a aa” wil (a al ia! — ened i. Si er on Tate i Maa \ ao “Gy. | 
1 1.77 0 3,545 10 271 al eae 62.5 31,900__| 31,800¢| 265 1.003 
2 1.77 0 3,460 13:64. 4) bs. 54.07 35,700 ~34,800¢| 265 1.025 
3 Lev7z: it) 3,310 F278 Nae. 45.64 42,200 38,800 6b 1.09 
4 1.77 0 3,305 13.64 | ... 54.07 35,000 34,500¢| 266 1.015 
5 Lies 0 3,350 13.30 mee 45.64 41,650 41,300¢] 265 1.010 
6 Pore 0 3,330 14.50 Sas 62.50 32,450 31,400¢] 265 1.033 
tf rare 0 2,920 13.30 car 45.64 42,500 40,000¢] 26b 1.062 
8 1.77 Li? 2,985 14.50 | 13.0 62.5 32,650 32,400¢| 26a 1.008 
9 Wet 3.56 3,145 14.50 | 13.0 62.5 34, 31,700¢} 22 1.082 
10 weve 1.77 3,035 13.30 | 11.25 | 45.64 42,500 41,300¢| 26a 1.030 
11. i Br 6 3.56 3,055 13.30 | 11.25 | 45.64 43,300 39,500¢| 22 1.096 
19 4.84 0 4,185 13.75 a 61.75 57,125 67,700¢| 266 0.8454 


(b) Knezs ror ContTrnuous-FRAME CoNCRETE Bripcss (6 = 18 IN. AND fe = 45,000 LB PER Sq In.)* 


A 1.25 0 3,640 9.0 37.65 19,300 16,000 | 265 1.206 
B 1.18 0 3,360 9.0 37.65 16,000 15,100 | 26d 1.060 
Cc 1.18 0 2,790 9.75 39.6 23,330 21,900¢| 26d 1.064 
D 1.18 0 2,640 9.75 39.6 25,600 21,800¢| 26d 1.174 
E 1.18 0 3,390 9.75 39.6 25,800 22,300¢| 26d 1.158 
F 1.18 0 1,810 9.0 37.65 15,900 13,700 | 266 1.15 


* In Col. 6, e’ is measured perpendicular to the axis of the leg of the member. % Average of two frames. 
¢P-2. 4 Possible shear failure. ¢ Part (a) refers to footnote 25; and part (6) refers to footnote 26. 


Eqs. 21 to 26 give the ultimate strengths of rectangular members for the full 
range of conditions from axially loaded columns to beams under flexure alone. 
Since it is customary to provide a greater factor of safety for axially loaded 
columns than for beams, it is necessary to modify some of these formulas for use 
in design. Without changing their form they can easily be adjusted to any 
desired combination of beam and column factors of safety. 

For instance, in the case of the compression control Eq. 21, it would be 
reasonable to assume that the factor of safety should vary from that now 
provided by the present standard formula for axially loaded columns to 25 
for the case of pure bending. When plotted with P as ordinate and P é, as 


abscissa, Eq. 21 is a straight line, and it can be adjusted by lowering the y-axis 
intercept to any desired point. 


a 


Lele 


ete : er ae of Tteieudital eal ae A, : Fa gn 
ion. Eq. ip can be adjusted so that P will be 24 times this 
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te 


© Test Results Corrected for 
f,= 40000 Lb per Sq In. and 
“f,1 = 4780 Lb per Sq In. 


3 4 
Moment, M, in Hundred Thousands of Lb-In.=Pe 


Serrmus F E, CoRRECTED FOR fs = 40,000 Ls PER Sq IN. AND 
fe’ = 4,780 Lu PER Se In. 


Fie. 12.—Txst RasvLts, 


shown by Fig. 12, assuming: d = 5.15 in.; d’ = 4.5 in.; A, = As ' = 0.392 sq 
in.; fe = 40,000 Ib per sq in.; feu = 6,250 Ib per sq in.; and f-/ = 4,780 lb per 


sq in. 


obtained by multiplying Eq. 28 by ee which gives 


_ 0.82 Ashe , 018A fe’ 


4 Gia 1.69 te 
dee pe keke 


4 


| 
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Eq. 30 covers the case of the rectangular tied column when compression controls. 

i When the eccentricity is so large that the tension in the steel controls the load, 
f Eqs. 24 can be modified to provide an additional factor of safety for the smaller 
- eccentricities by adding a constant to the eccentricity. Because of the large 
strains at ultimate load, the deflection of the column (assuming the length 
limited to ten times ¢) might possibly increase the eccentricity by as much as 
yy 0.1 t, and if this amount is added to e used in the derivation of Eq. 24a, 
ae mu=P(e+t+2) ei a he See ee (31) §] 


| 
: 
| 


10 
and it becomes: P = 0.85t bf.’ X } 


xfal[$— 044 @ 27m] +22 ym —r)m| e+ 1- py m| :| , 


= E — 04+ (p—?’) m || + FREES Mc 2 ae (32*) 


a Then Eq. 24b becomes, when p’ = p— 


P= 08stbjc{/($-04) +4 mem — (—04)}. sary 


When p’ = 0, Eq. 24c becomes 


2 
p= 0s5tsi. {4/($-04+m) +(Ft1—pm)pm 


-({-04+pm)| ee eS (33b*) 


The comparison of Eqs. 33a and 246 are shown by Fig. 12. The addition of 
t ; ‘ : : 
i0 to ¢ is arbitrary and it can be increased or decreased if desired but that 


amount appears to give good results as compared with tests. Eqs. 25 and 26 
are only used for large eccentricities and need no reduction. 

The writer has compared® the ultimate loads computed from Eqs. 28 and 
33a with the actual loads found in tests made by Messrs. Richart and Olson? 


29**The Resistance of Reinforced Concrete Columns to Eccentric L ” i 
Olson, Journal, Am. Concrete Inst., March-April, 1938, p. 401 (see Seek, PY ples ties and: May 


1775 


ae G: Thomas.*° The test results by Mr. Thomas are generally lower than 
values computed from Eqs. 21 and 246 but higher than Eqs. 28 and 33a. 
s is consistent with his tests on axially loaded columns in the same series and 
the low strength appears to be due to the design of his test specimens. The 
inforcing steel did not extend to the bearing plates but was embedded in 
enlarged ends which-were smaller than those that proved unsatisfactory in the 
Illinois and Lehigh tests." The test results indicated a slipping of the com- 
pression steel. The results of one series of tests are plotted in Fig. 12. 
The results of the Richart and Olson tests®? on 10-in. square columns also lie 
etween the two sets of equations, but for some reason the axially loaded 
columns also failed to develop their expected strength. Messrs. Richart and 


a “Comparing the axially loaded columns of this series with previous 
tests in which ‘flat-ended’ columns were used, it appears that these 
‘hinged-ended’ columns are weaker by roughly 15 per cent. It seems 
reasonable that the eccentrically loaded columns of this series are similarly 
weaker than columns rigidly framed into other members of a building 


es frame.” 


¢ 


Cotumns wiTtH Rounp Cores 


The writer has derived formulas for the strength of round cored columns and 
they will be given herein, although further tests may show that the empirical 


. 


(b) ROUND COLUMN 


(a) SQUARE COLUMN 
Frc. 13.—CoLuMns wiTtH RounpD CorES 


Square Columns.—When, in a square column (Fig. 13(@)), the longitudinal 
reinforcement is distributed around the circumference of a circle with a diameter 
d, Eqs. 28 and 33 can be adapted by substituting for the value of d' the equiva- 


i i J i i Stress 
eS Def tion of Reinforced Concrete Columns Under Combined Direct 3 
and weThe Strangle thomas, Studies in Reinforced Concrete No. VI, Building Research Station, London; 


i i i . 165. 
see also, Concrete and Constructional Engineering, March, 1938, p Br 
31‘‘First Progress Report on Column Tests at Lehigh University,’ by WwW. IN Bieter gue ee Laue 
and ‘‘Second Progress Report on Column Tests at the University of Illinois,” by F. E. Richart an Gs 


F 5 1931. ; 
Staehle, Journal, Am. Concrete Inst., Vol. 27, Pee nee ee 


ce i f Reinforced Concrete Columns to Eccentric Loads, 
Sebi eee nea Conartt March-April, 1938, p. 406. 


Olson, Journal, Am. Concrete Inst., 
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PLASTIC THEORY 


If the minimum fatigue strength of reinforced concrete members, under load 
repeated thousands of times, is more than 50% of the ultimate static strength as | 
indicated by tests, it will be still higher under loads repeated as infrequently _ 
as the maximum loading conditions in an ordinary structure. As a general” i 
proposition it appears that allowable dead plus live loads could be four tenths _ 
of the ultimate loads; and, for extreme combinations of dead and live loads, — 
and wind, temperature, and shrinkage effects, one half of the ultimate might — 
not be excessive. This is premised on the use of the elastic theory (and not the | 

oe principle of moment redistribution based on yielding) to determine moments | 
Reet. and thrusts so that the actual forces will not exceed the useful limit of the ff 
strength of the member. Each case should be given careful consideration anda 
it is obvious that the designer should have as correct an understanding as 
possible of the true action of structures. +) 
‘There is one important peculiarity of members subjected to both bending 1 
and direct load which has not been properly recognized. As can be seen from 
Fig. 12, when the tensile strength controls (Eq. 246), the bending moment that. | 
can be resisted increases with the direct load. Therefore, it is possible for a 
reduction of direct load without change in moment to cause failure. It may 
not be safe, therefore, to consider that in case of overload, both the direct thrust 
and the moment will increase proportionately. It is obvious that in the case 
of-a bridge arch, where the thrust is due largely to dead load and the bending 
moment due to live load, an increase in bending is much more probable than an © 
increase in thrust. The use of ultimate strength formulas makes it possible to 
design a member for any combination of multiples of the thrust and moment. 
Instead of using a simple factor of safety as for an axially loaded column or a 
beam, in the case of a member subjected to both direct load and bending, 
consideration should be given to probable combinations to which the member 
might be subjected. A further analysis of the desirable factor of safety of arch 
ribs has been made by the writer.” 


COMPARISON OF PLASTIC THEORY WITH THE STANDARD THEORY 


The plastic theory proposed by the writer for the design of concrete members 
is based on three assumptions: (1) No tension in the concrete; (2) linear vari- 
ation of strains; and (3) a simple equivalent stress block which closely approxi- 
mates the effect of the real distribution at maximum load. It differs from the 
ordinary straight-line stress distribution theory only in that it recognizes the 
plastic action of concrete at failure instead of attempting to predict the stresses 
at working loads. 

The objections that may be raised to the adoption of the plastic theory are 
about as follows: (a) It is unfamiliar and untried; (b) it is an ultimate strength 
method instead of a working stress method; (c) the present method has given 
satisfactory service for years and could be modified to permit higher stresses if 
they are justified; and (d) it may lead to the use of beams and slabs that are too 
shallow and cause excessive deflections. 

Hach of these ideas will be discussed in order, as follows: 

(a) The application of the plastic theory is much simpler than the present 
method, and it is as well supported by tests as the latter. In fact, its closer 
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PLASTIC THEORY 


eement with tests is one of its greatest advantages. It can be taught as 
easily as the present method and will lead designers to a better understanding 
of the actual structural action. 

% (b) In spite of the designer’s familiarity with the working-stress method of 
design and his preference for it, the ultimate-strength method is superior if 
it is a better guide to the useful strength of members and provides a more ! 
consistent factor of safety against damaging overload. Tests indicate that the aoe 
useful strength bears a more definite relation to the ultimate strength than to os 
§ theoretical working stresses given by the standard formulas. 

_ _ (c) The present method has been useful during a time when knowledge and 

q experience with reinforced concrete were being accumulated. It provides, in eh 
_ some cases, what is now an excessively high factor of safety against concrete f 
ee: failure. It leads to uneconomical design and inconsistent factor of safety. It 
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is actually based on an empirical value of = which could be modified together 


with the allowable stresses to give practically the same results as the new 
theory as far as the resisting moment of the concrete in compression is con- 
cerned. This would lead to the use of nominal working stresses which would 
appear unreasonably high; but, more serious than that, as previously stated, 
the method does not give as satisfactory values of the steel lever arm as the new 
method. This would lead to the use of more steel in lightly reinforced beams 
and a reduction in factor of safety against steel failure in heavily reinforced 
beams as compared with the new method. Table 7 shows the average unit 
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TABLE 7—ComPpaRISON OF CYLINDER SrreENGTH witH Maximum UNIT 
SrrEess IN OVER-REINFORCED BEAMS 


Ratios | Mean variation 


xe my Value of n in the formula f from the 
bs fel average 
By the Straight-Line Formula: 
1 American Concrete Institute, 1928). ....-..+--+++seeeee recess 1-57 0.045 
2 Joint Committec, 192460) 6b or - 2 2 -jn vier cine sieiee eens eer 1.50 0.059 
3 TATE an ca ele} Beg S ito eee OID oi a aI CTH a 1.62 +0.075 
By the Parabolic Formula: 
4 American Concrete Institute, TODS. Basi tercra t reimve tes» at uote 1.10 -0.034 
5 Joint Committee, 1924°.....--+.--- Pe aN cde ty Oe +0.041 
6 JAGGTOl le ees. oe 32 Bae a0e Jen ac ae Gago” Ore ore ee 1.05 +0.035 
tk By the plastic theory, Ea. Ld RS Re aa cinta = sieie Se Clos 1.05 | 0.037 


2 Computed unit stress divided by the cylinder strength. 7 2 : 

’ “Reinforced-Concrete Building Regulations and Specifications,’ Proceedings, Am. Concrete Inst., 
Vol. XXIV, 1928, Section 601. : d ; 1 

e"Standard Specifications for Concrete and Reinforced. Concrete,” Report of Joint Committee, 
Proceedings, Am. Soc. C. E., October, 1924, Section 103. ee 

d Ratio for Item 7 is the computed unit stress divided by 0.85 fc’. 
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concrete stress, at failure, of the test beams reported by Messrs. Slater and 
Lyse,!® as computed by seven different methods. The iast column indicates 
the consistency with which the formula might predict the results of the tests if 


the correct unit stresses were used in the formula. 
It is interesting to note that the straight-line formula with the actual value 


of n (Item 3, Table 7) gave the poorest results, and that the parabolic formula 


2 ae , 4 ‘ ry 
item @), es en ta ag 
theory appears more desirable than a modified straight-line theory. 
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and the plastic formula (Item 7) gave the best results. 


- (d) The new formulas permit the use of more slender members, which is an 
advantage in structures for which dead weight and temperature or shrinkage 
moments are important. It will also be beneficial at the haunches of T-beams. | 
It is always important to guard against excessive deflections, no matter what — 
method is used, and it is always necessary to design carefully for shear and bond. — 
It will not generally be found economical to use maximum percentages of steel _ 
‘in beams and slabs; but the designer will be given more freedom in design, and, — 
having simpler tools with which to work, he can pay more attention to other 
important considerations. 


APPENDIX 


DerEscrRIPTION OF TESTS PLOTTED IN Fic. 7 


- The tests by Messrs. Humphrey and Losse!® were made on 333 8-in. by © 
1l-in. beams of gravel, limestone, granite, and cinder concrete varying in — 
strength from 1,500 to 5,700 lb per sq in. Reinforcement varied from 0.49% 
to 1.96% of steel with a yield point averaging about 40,000 lb per sq in. Of 
the total, 84 beams are not plotted in Fig. 7 because the concrete cylinder 
strength exceeds the testing machine capacity and, therefore, f.’ was not — 


‘determined. The cylinders tested are 8 in. by 16 in. and f;’, the strength of ,| 


6-in. by 12-in. cylinders, is calculated as times the reported value. Each 


point plotted represents the average of three beams. 
The U.S. Geological Survey Tests** were made at St. Louis, Mo., in 1908 on 
a series of 8-in. by 11-in. beams of gravel concrete with 3.02% of steel with an 
average yield point strength of 38,210 lb per sq in. Only beams with concrete 
strengths greater than 2,000 lb per sq in. are included, and because individual 
steel strengths are not reported, only the averages are plotted for two groups 
of eleven beams each, one under-reinforced and one over-reinforced. The 


concrete cylinders were 8 in. by 16 in. and f,’ is calculated to be = times the 


reported strengths, 

The Columbia University tests** were made on thirteen rectangular 12-in. by 
13-in. beams reinforced with ordinary steel and twin twisted bars with yield — 
points from 34,800 lb per sq in. to 58,250 lb per sq in. and areas varying from 
0.451% to 1.245%. The concrete strengths varied from 2,510 to 3,443 lb per 
sqin. The yield point of the twin twisted bars was taken as the stress pro- 
ducing a unit strain of 0.004. 

The tests by Messrs. Slater and Lyse®’ are those previously quoted. The 
four sets excluded from the averages in Table 1 are not plotted. Each point 
represents the average of a group of three beams. 


35 Proceedings, Am. Concrete Inst., Vol. 16, 1920, p. 127. 


88 Concrete and Constructional Engineering, March, 1937, p. 200; J. : 
ber—December, 1936; and Proceedings, Am. Concrete Inst., Vol, 33° p. 183 vidi Conereye: Seats Pitot: 


7 Journal, Am. ConoretejInst., Vol, 33, p. 488, 


S\A Gh 


TREES ita ce meee Ae 


\ 


pe \ 


a a ak 


ee eh 


SOCIETY OF CIVIL ENGINEERS 


& 


Hen Pale Rosd 


EXPANSION OF CONCRETE THROUGH 
REACTION BETWEEN CEMENT 
AND AGGREGATE 


By THOMAS E. STANTON,’ M. Am. Soc. C. E. 


SyNopsISs 


Tests have demonstrated that excessive expansion of concrete may occur 
through chemical reactions between cements of relatively high alkali content 
“and certain mineral constituents in some aggregates, such as certain types of 
shales, cherts, and impure limestones found along the coast of California be- 


tween Monterey Bay on the north and Los Angeles County on the south. A 


new test procedure is described in this paper through which it is possible, in a 
comparatively short time, to develop the deleterious characteristics of cement- 
aggregate combinations similar to those reported in the California study. The 


‘procedure consists of curing the specimens in sealed containers at normal 


temperatures. 


INTRODUCTION 


Numerous tests conducted during recent years have established the value 
of low-heat cements in minimizing the shrinkage of concrete, and the value of 
the sulfate-resistant standard and puzzolanic-type cements in resisting attack 
by the sodium and magnesium sulfates and other deleterious constituents in 
alkali soils and sea water. Designers must now consider a third important 
factor in cement composition which may so affect the characteristics of a 
portland cement concrete as to produce excessive expansion and possible ulti- 
mate failure of a structure even if it is subjected to only normal curing and 
weathering conditions. 

Given a properly designed cement-aggregate combination, such a condition 
ean occur even when the cement is perfectly sound (in the generally accepted 
interpretation of the word) and of such a chemical composition as to be highly 
resistant to exterior attack by deleterious agents. This is fully and conclu- 
sively demonstrated through the tests described in this paper. A new test 
Norz.—Written comments are invited for immediate publication; to insure publication the last 


discussion should be submitted by April 15, 1941. ; 
1 Materials and Research Engr., State Div. of Highways, Sacramento, Calif. 
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procedure is also described without which it would probably have been impos-_ 
sible to make the laboratory tests. > ree 
mal. Continual wetting or alternate wetting and drying of test specimens failed 
to develop (in any reasonable period of time, at least) any of the abnormal 
na expansion characteristics experienced on many projects in certain districts 0 
| the state. It is now known that at least some of the field conditions of expan- 
sion can be duplicated in the laboratory when the specimens are cured in 
sealed containers, thereby retaining the original mixing water with few, if any, 
additions or subtractions through immersion or drying. It was not until this — 
fact was discovered that invariable measurable expansion was obtained with 
certain cement-aggregate combinations, and that negligible, if any, expansion 
occurred with other combinations. | 
The complete documentary evidence sustaining the conclusions of the tests 
are presented for the first time in this paper, although a very brief preliminary 
report has been presented elsewhere.” : 


3% 


SALINAS VALLEY PAVEMENT FAILURE 


Early in 1938, a section of concrete pavement north of the town of Bradley 
in the Salinas Valley, Monterey County, Calif., failed because of excessive 
expansion. An intensive field and laboratory investigation followed to de- 
termine the causes of the failure and to develop safeguards to prevent a re- S| 
currence of the condition in future work. The failed pavement was built in © 
the fall, winter, and spring of 1936-1937. Most of it had passed through two 
winters when portions began to show distress in the spring of 1938. The 
distress became manifest in the form of excessive expansion which caused 
buckling at the expansion joints and a severe cracking throughout the length of. | 
certain slabs (Fig. 1(a)). 

A coarse aggregate from a local commercial plant, located on a tributary. 
to the Salinas River, was used throughout. The fine aggregate came from 
two sources, one the local deposit (herein referred to as Oro Fino), from which 
all of the coarse aggregate was secured, and the other (Coyote) imported from a 
commercially operated deposit near San Jose, Calif., in the San Francisco Bay 
area. The sands from these two deposits were used during alternate periods 
so that it was easy to identify the source of the fine aggregate in each section 
or day’srun. A close inspection of all sections readily disclosed that excessive 
expansion had occurred only in those sections in which the local (Oro Fino) 
fine aggregate had been used, and it was obvious, therefore, that aggregates 
from this area contained at least one of the sources of trouble. 


Ce erent Aenea a ee 


EARLIER FAILURES 


The Bradley pavement failure culminated a series of concrete failures 
along the coast area from Monterey County in the north to the northern part 
of Los Angeles County in the south, throughout which aggregates of the same 
typical characteristics are encountered. 

The first structure in which distress developed to such an extent as to | 
attract attention was the King City Bridge (Fig. 1(e)) built in 1919-1920 
wa a 


2“Influence of Cement and Aggregate on Concrete Expansion,” by T i ingi i 
News-Record, February 1, 1940, p. 59. Renee | BY Shompanl Rien oe ae 
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(a) Pavement (b) Bridge Girder 


(c) Sea Wall (d) School Building 
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(f) Bridge Pylon 


CprTraIn AGGREGATES 


(e) Bridge Pier 
LURES RESULTING FROM COMBINATIONS OF 
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across the Salinas River at King City, Monterey County. This bridge ¢ 
sists of an all-concrete trestle approach to a series of concrete piers and steel | 
trusses over the main channel of the river. The channel structure consists of — : 
“A steel trusses resting on concrete piers of two circular sections with battered | 

sides connected by a 12-in. diaphragm wall. “ee 

The coarse aggregate was imported from an unquestioned source, but the _ 

- fine aggregate was taken from the bed of the Salinas River, or a small tributary _ 
(Pine Creek) emptying into the river a short distance upstream from the bridge. © | 

Within three years after construction, well-defined cracks were in evidence 
in the caps of the piers. Later, these cracks extended into the columns of the _ 
piers. By July, 1924, all of the pier caps were more or less affected. 

The concrete in the pile and trestle construction has shown little, if any, 

distress, the severe distress being confined to the piers. Although it is possible 
that the cement was not of a uniform quality, so far as is known the two con- § 
cretes differed only in the sands used. Pine Creek sand was used at first; 9 
then sand from pits in the stream bed of the Salinas River and later surface J 
sand fromthe bed of the same river, deposited during the winter rains, was used. — 

The condition of the King City Bridge has been investigated by a number _ 
of agencies, including representatives of the Bureau of Public Roads, the | 
Bureau of Standards, the Portland Cement Association, and the cement com- 
panies, as well as engineers and chemists of the California Division of Highways. 

In general, the number of opinions expressed equaled the number of reports 
made. The causes of failure advanced by the different investigators were the 
sand; unsound cement; excess water; extreme variations in temperature; faulty 
curing; faulty concrete design; variable coefficient of expansion between dif- 
ferent parts (including reinforcing steel); electrolysis; overstressing or under 
design; and rusting of anchor bolts, reinforcing steel, iron pipes, washers, etc. 
All of the assumed causes, however, were purely speculative without any sub- 
stantiating foundation and (in 1940) have remained in the category of interest- 
ing theories. 

The King City Bridge has been enphasized because it was the first partial 

_ failure of a major structure to attract attention and because the definite cause 
of the difficulty has been an unsolved mystery. Subsequent to the King City 
Bridge trouble, several concrete trestles, built afterward in Monterey County, 
in which fine aggregate from the Salinas River or its tributaries had been used, 
developed serious distress (Fig. 1()). 

Similar trouble had been noted in Ventura County where the concrete piers _ 
of the Southern Pacific Main Line Bridge over the Santa Clara River near 
Montalvo, built in 1914-1915, had developed map cracking similar to the 
Salinas Valley structures. On June 5, 1933, George W. Rear, M. Am. Soc. 
C. E., bridge engineer for the Southern Pacific Railroad Company, wrote that 
the piers showing distress had been built in 1914, using local sand from the 
bed of the stream, whereas imported sand had been used the following year in 
constructing the piers which were still in good condition after eighteen years. 

Other pavement and structure failures were noted in Los Angeles, Ventura, 
Santa Barbara, San Luis Obispo, and Monterey counties, where the aggregate 
was all of the same general type, containing from 4% to 15% total of shale, 
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herty shale, and chert. A number of the more important failures were some 
sections of pavement and sea walls in Ventura and Santa Barbara counties 
(Fig. 1(c)). ‘ . 

__ Although the sulfates in sea water undoubtedly contributed to the serious 
' deterioration of the sea walls, it was obvious that this deterioration was ac- 


 celerated by the infiltration of sea water through cracks resulting from excessive oe 
E expansion occasioned by other causes. The concrete walls of a school building : 
e in Santa Barbara, built in 1931, had cracked to such an extent by 1934 as to ee 
_ require at least partial reconstruction (Fig. 1(d)). All of the failures noted fol- 


lowed the same general pattern and were apparently due to the same under- 

lying cause. 

The solution of the problem was complicated by the fact that, although 

without exception cracking of the nature described was noted only when local 

fine aggregate had been used, there were numerous instances where the appar- 

2 ently same local aggregate performed in an entirely normal and satisfactory 
manner. 

Immediately north of the pavement failure in Montery County is a section 
of pavement, constructed at least six years earlier, in which fine aggregate 
from the Salinas River was used, but which is still (1940) in excellent condition 
and shows no evidence of excessive expansion or cracking. 


x DEVELOPMENT OF TEST PROCEDURE 
Upon conclusive evidence that the local sand used in the Bradley pavement, 
“constructed in 1936-1937, had played an active part in the failure, a laboratory 
study was undertaken to determine, if possible, the cause or causes of the trouble 
and the reason for the inconsistencies that had been noted not only in the 
locality under immediate investigation, but likewise in all of the coast counties 
from Monterey to and including the northwesterly part of Los Angeles County. 

The first step was to make up mortar and concrete bars of the local (Oro 
Fino) and the imported (Coyote) fine and coarse aggregates, and then subject 
some of these bars to continual wetting, some to continual dry exposure, under 
normal laboratory temperature and humidity conditions, and some to alternate 
wetting and drying. In one series, after initial curing for seven days, the 
specimens were dried for three days in an oven at 150° F and then soaked in 
water at 70°F for four days, the complete cycle taking one week. Another 
set was dried for two days in the oven at 150° F and soaked seven days in water 
at 160° F, the complete cycle requiring nine days. 

Under none of these curing methods was any excessive expansion observ- 
able, even up to more than one year, regardless of the source or nature of the 
sand, except in the case of a coarse aggregate comprising 100% shale. In that 
case the expansion was obviously due to a physical expansion of the shale which, 
when present in large or concentrated quantities, had the effect, ultimately, 
of rupturing the concrete, but, when present in the normal percentages found in 
the aggregate under suspicion, had no measurable deleterious effects for the 
period under observation. In the case of the coarse aggregate with 100% shale, 
failure occurred on the fifty-first cycle of wetting and drying, at which time the 


expansion was 0.193%. 
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An AccIDENTAL DISCOVERY 


In the meantime, however, upon removing the cover from a 2-in. by 4-in, 
mortar cylinder which had been cast and retained in a tin container for one 
year, the specimen was observed to be covered with blotches fringed with a 


(a) Relative Length of 1-in. by l-in. by 10-in. Mortar Bars (Mix 1: 3) 
Cured for Four Months Under Various Conditions 


( ‘tar Specime . + 9) f &. ] 5 i . 
(b) Mortar Specimens (Mix 1 : 2) After Curing Seven Months in Sealed Containers 


a = N 7 n ry _ A * 
Fic, 2.—Connpir1on or LAnorarory Spectmens Arrer Curtne in Arr, WATER 
AND SEALED CONTAINERS 


white efflorescence (subsequently analyzed as sodium carbonate), and in a 
short time the entire specimen became covered with cracks auntie to those 
shown in Fig. 2(6) and also to the crazing noted in the pavement and other 
structures in the area under investigation. A similar condition will be noted in 
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ll bars contain the same quantity of high-alkali cement (1.14%) and a neutral 
ate to which was added 10% of the deleterious mineral No. 28039 (see ~ ae 
pendix I). . 
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Fic. 3.— Expansion or Mortars oN CERTAIN CauirornrA SAanps AND HiGH-ALKALI 
Cements or ReLatTiveLy HieH anp Low C3A-CONTENT 

were kept in sealed containers, 

any drying out, but at the same 

onstant immersion or alternate 

which caused an excessive 


Y It was apparent that, when test specimens 
~ or at least protected from the atmosphere and 
_ time prevented from any leaching of salts by ¢ 
- wetting and drying, a chemical reaction was going on 
“ expansion of the mortar, with ultimate failure. 


of a ba eee A series of int was der tens on iin oe Beer eae ania 
4 ¢ a i cured i in sealed containers, as well as in water, and measured for expansion 
_ different ages. Experience with hundreds of specimens, subsequently fabri 
cated, has invariably checked the results accidently noted in the case of thel 
2-in. by 4-in. mortar specimen. Bars fabricated with the same sands and the 
same cement have invariably followed the same expansion pattern. | 
The local Oro Fino fine aggregate (sand No. 4, Appendix II, and Fig. 3) | 
used in the Monterey County job, in combination with the type of cement used | 
in the work, always shows excessive expansion in a few months (sounds 
even at twenty-eight days); but the imported (Coyote) sand (No. 20) with the | 
~ game cement has shown negligible expansion in periods exceeding me | 
months. . 
he In Fig. 3, the specimens were of a 1 : 3 plastic mortar mix, and were cured — 
in sealed containers. The C;A-content (tricalcium aluminate) does not appear 
to be a factor in the expansion reactions. Later tests on specimens stored =| 
the moist room, but protected from excess moisture, indicate the same expansion © 
reaction as in sealed containers. However, for the sake of uniformity and con- _ 
venience, all specimens, other than those constantly wet or dry, were cured _ 


in airtight cans. 


1 


. CURING PROCEDURE 


2; Immediately following fabrication, the test bars are cured twenty-four 
hours in the moist room under standard conditions. They are then removed 
from the molds, identified by marking with an indelible pencil, measured, and ~ 
immediately placed in the containers. . 

The containers used are regular 6-in. by 12-in. tin cylinder molds with the 
joints soldered to prevent loss of moisture. The slip cover is probably suffi- — 
ciently tight to seal the specimens without any other precautions, but if there 
is any doubt a strip of adhesive tape is wrapped around the joint. 

Only enough free water (80 ce to 50 cc) is placed in the bottom of the con- 
tainer to insure keeping the air humid. The specimen rests on the 3-in. monel 
metal gage point, and therefore the mortar of the bar is not in direct contact 
with the water. 

Eighteen 1-in. by 1-in. by 10-in. specimens (a day’s run) are usually stored 
in one container. The containers are stored under ordinary room temperature, 
no special effort being made to keep the temperature constant. The specimens 
are removed from time to time for measurement and then immediately returned _ 
to the containers for further curing and later tests. If rusted badly, the con- 
tainers are replaced. 


CEMENT 


Other concrete structures in this area, in which the same type of local sand 
but a different cement had been used, developed no distress up to five or six 
years at least. This fact gave rise to the suspicion that the expansion resulted 
from a chemical reaction between certain ingredients in the aggregate and some 
ingredients in the cement. Alkali in the cement in the form of the sodium and 
potassium oxides was suspected and, as the cement used on the Bradley job | 
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ained approximately 1.14% total alkalis, the tests were repeated with 
ther cement low in alkali (0.45%), with definite results, in that there was 
little, if any, expansion with the low-alkali cement in combination with the 
local (Oro Fino) sand which had shown so much expansion with the 1.14% ae 
alkali cement. The tests have been repeated many times, not only with the et 
_ two aforementioned cements, but with other California cements of intermediate a 
alkali content and sands from within and without the coast area. ae 
_ The resultant expansion has almost invariably been proportional to the 
alkali content of the cement, whenever used in combination with aggregates | 
containing minerals of the deleterious type found in the area under invesitga- ; 
‘i 


tion. On the other hand, mortars containing commercial sands originating out- 

2 side of this area, and containing negligible percentages of shale and chert, being 
x essentially of quartz and feldspar fragments with some granitic and sandstone 
particles, have developed little, if any expansion, even with high alkali cements. 
a The data in Figs. 3 and 4 are offered in support of this observation, the mix 
' in each case being al:3 plastic mortar, and the specimens all being cured in 
2 sealed containers. Note that cement HP is a puzzolanic type. 

Tests on sands Nos. 2 and 4 made after those in Fig. 3 showed expansion as 
great as, if not greater than, sands Nos. 1 and 3. It would seem, therefore, 
that the tests in Fig. 3 were influenced either by lack of sufficient moisture to 
continue the reaction, or by a lower percentage of the deleterious ingredients 
than in later samples. In fact, these two conditions are probably the cause 
- of some lack of consistency in the tests on other sands, as uniformity of sampling 
* is exceedingly difficult where trouble-causing ingredients are present in such 

small quantities. 

When sand No. 5, Fig. 3, failed to develop excessive expansion, a minera- 
logical study was made, and it was found that this sample of sand contained 
negligible percentages of shale, chert, and impure limestone. Therefore, the 

results are consistent with the nature of the material and confirm the conclusion 

_ previously reached regarding the probable source of the trouble. 

' Within the area under investigation, all of the aggregates from commercial 

sources, with one possible exception, contain appreciable percentages of shale 
- and chert. All sands with small percentages, or entirely free, of shale and 

chert show little, if any, expansion up to one year, regardless of the cement 
used. All sands in the coast area relatively high in shale and chert, on the 
-_ other hand, develop expansions in a few months roughly in proportion to the 
alkali content of the cement. In the latter case, negligible expansion is ob- 
served in the case of cements with less than 0.5% alkali and high expansion 
in the case of the 1.14% alkali cement, the other cements ranging in between 
i content (see Fig. 4). Some inconsistencies 
tude that they cannot be accounted for by 


1h ay lath 


roughly in proportion to the alkal 
are noted, but not of such magni 
variations in the aggregate. 


It is obvious, therefore, that in the presence of certain minerals an other- 


wise sound but high-alkali cement is a contributing factor to the excessive 
expansion and subsequent failure of a concrete structure. Under certain con- 
ditions this expansion may not be sufficient to disrupt the structure and may 
cease as soon as the reaction has been completed in any particular cement- 
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grega combination. In other cases, however, the initial cracking, opted agp 

_ above normal but not excessive, may have very serious consequences when the 

4 tructure is subsequently subjected to attack by sea or alkali waters which, . ; 
- seeping into the concrete mass through fine cracks formed from the primary 

cause, may take up the work of destruction through corrosion of reinforcing | 

_ steel or attack on the vulnerable compounds of the cement itself. 


AGGREGATES 


- The coast aggregates included in this study consist of mineral particles 
predominantly granitic in character with some quartz-feldspar, sandstone, im- 
_ pure limestone, shale, and chert. The granite, quartz-feldspar, and sandstone 

usually comprise more than 90% of the total; the impure limestone, shale, and 
_ chert comprise the remaining 5 to 10%. None of the adverse reactions have ae 
- -been traced to the first group. Some of the minerals in the second group, how- — \ 
- 


ia p's 


ever, are definitely reactive under appropriate weathering conditions. The 
; minerals in this latter group originate in the Upper Miocene sedimentary de- 
_ posits. According to Ralph D. Reed,’ 

: 


“The Upper Miocene in California was a period of widespread seas in 
which deposition of organic siliceous shale of the Monterey type took 
place * * *. Whatever conditions are necessary for the deposition of this 
| material prevailed widely during the Upper Miocene from Lower California 
2 at least to the Northern Coast Range province and from the San Joaquin 
Valley area to the present shoreline of the Pacific Ocean.” 


Many of the types of shale and chert found in the Upper Miocene formations 
of California are different in several respects from the shale and chert of other 
geological periods commonly found in other parts of this state and the United 
States. It has been clearly demonstrated by geologists that the Monterey 
series of the Miocene, and particularly the Modelo formation, is unique in re- 
gard to petrological classification and mineralogical content. Although most 
of the Modelo formation consists largely of diatomaceous, tuffaceous, and other 
siliceous shales, many lenses and thin layers of calcareous shale ranging from a 
fraction of an inch in thickness to a number of feet are intermixed throughout 
the strata. It is common to find lime, opaline silica, or some chalcedonic 
silica as the cementing material in the shale. In many cases opaline silica and 
chalcedony are the main minerals in thin lenses and layers. The opaline silica 
greatly predominates over chalcedony, but these silicified bands, layers, and con- 
eretions have nevertheless been classified as chert by geologists and other 
authorities on the petrography of the Miocene formations. 

The California cherts may be divided into two main classifications: (1) 
The deleterious cherts of the opaline types, which may or may not contain 
some chalcedony; and (2) the less questionable group of quartzose particles 
which includes the red and green varieties of chalcedonic silica such as radio- 
larian chert of the Franciscan formations, described and named by A. C. Law- 
son,‘ as well as jasper and the other varieties of chalcedony. The“deleterious 
particles classified as chert contain opaline silica either in the main or as & 


ek Le A ees SS rs 
3 “Geology of California,” by Ralph D. Reed, 1933. p. 188. 
4 Geological Atlas, U. S. Geological Survey, San Francisco, Folio 193, 1914. 
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throughout a shale particle. In the case of particles classi- 
shale, some of the laminz contain little or no opaline silica. 
hroughout the coast area under investigation, the shale, chert, and impure 
ne deposits range from types with negligible percentages of lime and 
gnesia to a high-lime magnesia shale which in this report is referred to as 


2 given by William Twenhoffel,’ who states that: 


Tie, “The per cent of calcium carbonate or the double carbonate of calcium 
and magnesium in sedimentary rock ranges from nothing to approximately 
- 100. If the per cent equals or exceeds 50, the rock may be termed a lime- 
‘stone. If the per cent is below 50 the rock should be assigned to some other 
group. ‘There is, however, no sharp division between limestones and other 
____ sedimentary rocks; they grade without sharp break into the sandstones and 
~~ shales, as well as nearly every other variety of rock.” 


- Rocks covering a wide range from zero to a comparatively high percentage 


a of lime and magnesia have been found in the coast area, and a sufficient number 
_ of these rocks have been included in the present study to cover the field fully. 
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Expansion, in Millionths of a Unit per Unit 


28 Days ® 
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Mrx anp PartisL S1zp, THE PERCENTAGE OF Limrstrone No. 28039 
REMAINING Constant AT 5% 


An extensive study has been made in an effort to isolate the “‘bad actors” 
in the mineral content. Considerable success has attended this effort. Al- 
though it appears very probable that some form of hydrous silica plays a very 
active part, the greatest reaction in the tests described herein has been with 
material classified as a siliceous magnesian limestone (Nos. 28039 and 28039A 


in Table 4, Appendix I), of relatively high specific gravity, low absorption, high 


sodium sulfate resistance, and low rattler loss. 


This mineral is one of the most 


active causes of the trouble, even when present in percentages less than 1.00 
(see Figs. 5 and 6). The high-alkali cement GS (Fig. 3) was used throughout. 
The same aggregate with the low-alkali cement developed no expansion, On 
the other hand, several of the shales and cherts which expanded moderately in 


5 ‘'Treatisefon Sedimentation,” by William Twenhoffel, 1932, p. 238. 


iliceous magnesian limestone.” This classification is consistent with that 
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“TABLE 1—ComPanaTivE Expansion OF Mortars OF S. 


10% or DirrerENT TYPES OF CrusHep SHALE CHERT, AND fe aM: 
SinIcEoUs MaGNEstan LimESTONE AND A wt “Ame 
HigH-ALKALI CEMENT _ 


(In Millionths of a Unit per Unit) 
Mrx¢ | 
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.a@ See Appendix I; all these specimens were cured in sealed containers. P 
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ease of this impure limestone is due entirely to some form of silica or in part to 
the magnesium carbonate. Ifitis due in any part to the magnesium carbonate, | 
the probable chemical reactions in this respect are as follows: 

The sodium oxide in the cement hydrates to form sodium hydroxide. The 
sodium hydroxide, in turn, probably reacts with at least some form of the | 


magnesium carbonate in the siliceous magnesian limestone to form magnesium 
hydroxide and sodium carbonate; thus: 


Mg CO; + 2 Na OHMg(OH)2 + Na,CO;....- >. 2 ee 


The sodium carbonate ultimately crystallizes with seven to ten molecules of | 
water, with an increase in volume, and thus causes expansion of considerable . 


magnitude, resulting in stresses sufficient to rupture the concrete. The ap- | 
proximate volume change may be computed theoretically from Eq. 1, assuming | 
the following specific gravities: | 
i 
Description Specific gravity | 
Magnesium carbonate in the rock.......-.---.-++: 3.037 | 
Sodium hydroxide. |. .09.1.2.90hd. /. 0t AER eee 2.130 : 
Magnesian hydroxide... ... 2... .. 52 +e essere eeees 2.300 

Sodium carbonate including 10 molecules of H,O.... 1.460 


If the molecular weight of the reacting components and the end products 
are divided by the specific gravities, the following respective volumes are — 


‘ 
i 
. 


4 ce {221.36 (Combined volume of rencuon ny 


eA, ; products) 
~ Na:00,, 10 H.0 = =527 — 196.00 


or an increase in volume of 239%. 
aa To check the accuracy of this assumption, tests were made to determine the 
a tion of sodium hydroxide upon various materials that might be present in the , 
aggregate, such as magnesium carbonate, calcite, dolomite, etc., as well as on 
the siliceous magnesian limestone. 

- The method used was to subject the substance under observation to the 
action of a normal sodium hydroxide solution for seventy-two hours, excluding. 
_the possibility of contamination by atmospheric carbon dioxide. A portion of ae 
the clear liquid was titrated with normal hydrochloric acid using methyl orange © if 
as an indicator. A second volume equal to that used in the methyl orange we 
titration was treated with barium chloride solution to precipitate the carbonates 
and then titrated with normal hydrochloric acid with phenolphthalein as the 
indicator. The difference between the volumes of acid used in these determina- on 
7% tions was computed to sodium carbonate. ie 
_ ‘Treated in this manner a sample of: 

aa (a) Standard calcite yielded only a trace of sodium carbonate as Na2CO3; 

4 (b) Bakers calcium carbonate likewise yielded only a trace; 


(c) Dolomite with 7.1% Mg O yielded 1.06% NazCOs; 
~-(d) Technical hydrated magnesium carbonate yielded 51.00% Na2COs; and 
(e) The siliceous magnesian limestone with 15.5% MgO yielded 8.65% 


a These results indicated that sodium hydroxide reacts with certain forms of 
- magnesium carbonate, but not with carbonate of lime. It appears that some 
_ similar reaction occurs in the case of at least some of the hydrous silicates. 
Although some early,expansion due to physical causes may be expected from 
some of the shales, and therefore the percentage of such shales should be held 
“to a reasonable minimum (controlled by the sodium or magnesium sulfate test), 
nevertheless, when held to comparatively low limits, the expansive force may 
not be sufficient to cause rupture except in the nature of popouts when particles 
are close to the surface. This conclusion is confi 


rmed by observation of nu- 
re merous structures which, except for surface popouts, 


4 All material was crushed to pass an 80-mesh screen before test. 
f 


show no distress over a 


ae ks 
+ poe 
ae 


* 


i, 
oF Fe 


chemical reaction of a decidedly destructive nature always takes place in the 
presence of a high-alkali cement. = 


high lime-magnesia rock. As will be seen by reference to Fig. 5(a), as low as” 
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period of years even if the aggregate contains a I atively high | ercenta 
many of the types of shale found in the area under investigation. With 
cherts and shales, however, in addition to the siliceous magnesian limestone, a 


An astonishing development was the effect of a very small percentage of 


1.00% of this mineral caused considerable expansion in six months, the expan- 
sion in that period being almost identical with the expansion mortars of sand 
No. 1 in the same period of time, indicating that sand No. 1 contains not more 
than 1.00% of deleterious particles but that even this low percentage is 
objectionable. : 

The particle size of this mineral also has an important bearing on the result. 
It was thought that, by crushing the deleterious particles to pass 200-mesh 
completely, an accelerated reaction might be had. The reverse was the case, 
as specimens fabricated with —g0-mesh particles developed no expansion in _ 
sealed containers, whereas the —30-mesh to +80-mesh particle specimens 
showed the greatest expansion (see Fig. 6(b)). Therefore, it appears that the 
reaction between the reactive ingredient in the aggregate and the alkali in the 
cement, when the aggregate is in a finely divided state, is either dissipated 
throughout the mass in such a way as to cause no high expansive forces or the 
reaction is largely over before the concrete attains permanent set. One theory 
is that the expansion is taken up in the interstices and by the gel, thus reducing f 


the measurable manifestation of the reaction to negligible proportions. 


MeERRIMAN ALKALINITY AND FREE ALKALI TEST 


The Merriman test® for alkalinity and free alkali was applied to the cements, 
but it was found that this test was not always consistent with the results. One 
cement, relatively low in the Merriman test, but with high alkali as determined 
by chemical analysis, developed high expansion; and its action, therefore, was © 
consistent with the total alkali as determined from the chemical analysis rather 
than with the percentage of soluble alkali as determined by the Merriman test. 
Another cement with a high Merriman test, but low in alkali as determined by 
the chemical analysis, gave low expansion results. The reason for the dis- — 
crepancy appears to be that the soluble portions of some cements go into solu- | 
tion much more slowly than others. The conclusion has been reached, there- 
fore, that the Merriman test procedure, in its present form at least, is not 
suitable for a proper classification of cements in the order of the reactions en- 
countered in the California tests. 


EXTENT oF TESTS 
Tests have been made on fine aggregate from all of the commercial sources 
within the region affected and from several sources outside of this area for com- 
parison purposes; they have been made also on most of the commercial cements 
manufactured in California ranging in alkali content from less than 0.50% to 
approximately 1.14% (Table 5, Appendix III). 


6 Specifications for Cement, Board of Water Supply, City of New York. 
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expansion in proportion to the alkali content of the cement. With the excep- 


Fic hert, and the siliceous magnesian limestone. The sample of sand (sand No. 
_ 5) from the one deposit which failed to react was subsequently analyzed and 
found to contain only a very small percentage of the deleterious particles. 
Numerous combinations have been made of aggregate from all commercial 
deposits and cement from most of the California mills. For check purposes, 
the study has been expanded to include, also, several cements from other parts 
- of the United States. 
a Following a visit to the laboratory, when he was in California during the 
- summer of 1939, the late Thaddeus Merriman, M. Am. Soc. C. E., who was 
much interested in the study, forwarded a sample of low-alkali cement (0.47%) 
from a Lehigh Valley plant (cement N in Table 5, Appendix III); and Ira Paul 
_ of the New York State Highway Department furnished a sample of 0.64% 
alkali cement from a New York plant (cement R). Through F. V. Reagel of the 
Missouri State Highway Department and W. E. Gibson, Assoc. M. Am. Soc. 
C. E., of Kansas, cements were secured similar to those used in pavements in 
Missouri and Kansas (cements M and 0). These out-of-state cements have 
all been tested in combination with the Oro Fino and Coyote sands. 
The expansion reactions have paralleled the reactions of the California 
brands. Cement M with a high-alkali content (0.83%) has developed excessive 
- expansion with the Oro Fino sand (4,010 millionths of a unit per unit in fourteen 
- months) and negligible expansion with the Coyote sand, whereas cements NV, 
og O, and R, comparatively low in alkali, have developed little if any expansion 
with either the Oro Fino or Coyote sands. 
d More than 3,000 1-in. by 1-in. by 10-in. mortar specimens of all combinations 
” were fabricated and tested for expansion under different curing methods. The 
— present status of knowledge of the subject was only arrived at through following 
numerous leads, some of which led into blind alleys and others of which were 
productive of results pointing the way and suggesting additional tests or lines 
of investigation. 

Series I—This series was started in May, 1938, and included only the two 
sands used on the Bradley job. Several coarse aggregates were used, including 
- chert, shale, granite, and an altered dacite. 
iy The cements in this first series were of the brand used in the Bradley job 

(a high-alkali cement) and in addition a low-alkali cement from another mill. 

The test specimens consisted of 2-in. by 2-in. by 114-in. bars of six-sack con- 
using 50% sand and 50% coarse aggregate, and the maximum size was 
3 in. One set of bars was cured in water, one set in air, and other sets pltc 
nately soaked and dried at air and water temperatures ranging from 70° F to 
160° F. These tests produced no results of value, even up to one year, and at no 
time duplicated field experience with the local fine aggregate and job cement: 

All specimens cured in water showed a slight expansion in the earlier period, 
but by 200 days all showed shrinkage from the peak length. At one year ail 
specimens were shorter than the original length with the exception of the shale 
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previously stated, negligible expansion developed with sands from out- 
the affected area. With one exception, all of the local sands showed high 


tion of the one sand, all of the samples contained from 5% to 10% of shale, f 


riye 

it expansion ( 1099 Mote ROTOR 
‘specimens cured in air at laboratory 
to 0.3%, but no cracking. 


Series [A —Shortly after Series I was started, supplementary specimens 0 f 
the same size were placed under similar test, using aggregates from various | 
spots in the Oro Fino deposit, and also from other commercial sources through- 

out the district between Monterey and Los Angeles counties. Again the 


results were negative. Sn ae 


} 
a t 


"Series II.—After Series I and IA had been under way approximately three | 
months, the condition of the 2-in. by 4-in. mortar specimens cured in a sealed | 
container was observed, and a new series was immediately started, the specimens | 
in this series being fabricated in September and October, 1938. Because of the — 
expense and labor involved in fabricating and measuring concrete specimens, | 
and because it was apparent from an inspection of the mortar specimen cured ff 
in the sealed container that the fine aggregate was considerably more reactive, 
at early stages at least, than the coarse aggregate, Series II consisted of fine- ff 
aggregate mortar specimens only, and the specimens in all subsequent series, jf 
my" except one, were mortar specimens. At the start, six 1-in. by 1-in. by 10-in. | 
ia 1:3 mortar bars were fabricated from each mix for curing under dierent 
qi conditions, and the results reported are the average of several specimens. A ; 
the 1:2 mortars were found much more reactive, all later specimens were 


fabricated from this mix. 


. ee 


| 
i 
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Et! Sands from fourteen sources were included in Series II—five from com- | 
a) ‘ mercial sources throughout the affected area; seven from outside sources, free | 
“a of shale and chert; and in addition a crushed diorite and a crushed quartz. | 
“ With little information at that time relative to the most probable source of the | 
is trouble, and to ascertain if the situation could be corrected by the use of a low 

: CA cement, two types of the brand of cement used on the Bradley job were | 
a’ included: (1) The job cement with 10.38% C3A and 1.14% alkali, and (2) a 
modified cement from the same mill containing 5.6% CsA and 1.10% alkali. © 


To hold the amount of testing to a minimum, no other cements were included — 
in Series II. =| 
The mixes were put up in duplicate, one set with the high-alkali and com- 
paratively high C3A, and the other with the high-alkali and comparatively low : 
C;A cement. A uniform water-cement ratio (0.94) was used, the slump varying © 
3 in. to 23 in. with the natural sands, 1 in. to 11 in. for sands having rock chips — 
in the coarser sizes, and § in. to 1} in. for the crushed quartz and diorite. Some 
of the specimens were cured continuously in water, some in air, some alternately 
wet and dry, and some in sealed containers in the presence of a slight amount | 
of free water. 
As no material reaction was expected short of six months, the sealed con- | 
tainers were not opened or the specimens measured until six months had elapsed. | 
The reaction was found to be so extensive by this time (Fig. 3) that in all 


a 
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nts were started at earlier periods. After 
2 8 mens returned to the sealed containers for furth 
| measurement at subsequent test periods, usually monthly. — At. 


e a good construction history), showed either only a slight expansion or a — 


er tire test period to date. The expansion of the one exception (No. 27 in Fig. 
3) was not especially high, but, as it was decidedly out of line with the others, — 
a thorough study is being made (1940) to ascertain the cause. F 


a e = ‘ 
same mixes as the bars and cured in water, developed equal strengths up to 


one year for the poor and the good sands. Later specimens cured in sealed 
containers showed a gradual falling off in strength with age whenever the 
infected sands were used. 
___-Series III.—As soon as Series II was well under way and time permitted, 
a third series was started similar to Series II, but including a number of other 
California brands of cement ranging from low to high alkali. In addition to 
_ the bars, 2-in. by 4-in. mortar cylinders were cast and cured in sealed containers 
* for breaking at twenty-eight days, six months, and one, two, and five years. 
As in the previous series, all bars cured continuously in water expanded 
slightly at first and then began to shrink. The first expansion measurements 
of the specimens cured in sealed containers were made at one hundred days. 
_ Even at that period, considerable expansion was noted- in the case of the 
_ infected sands. 
Series IV.—Having determined definitely from Series II and III that cer- 
" tain sands were reactive, the next step was to determine, if possible, which 
— mineral ingredient or ingredients in the sands were the source of the trouble. 
Since all minerals except the shale and chert had been removed from suspicion 
_ by previous tests on selected sands, four suspected minerals were selected from 
the infected area, including a diatomaceous shale (No. 28037); a chert (No. 
28038); and a calcareous shale (No. 28039), later classified as a siliceous mag- 
nesian limestone (Table 4, Appendix I). These shales and cherts were crushed 
- to pass a No. 3 screen and were combined in various percentages with a neutral 
sand (No. 21) from the Russian River, north of San Francisco Bay. 

This series was later expanded to include a serpentine found in the coast 
area, a calcareous shale (No. 19374) with approximately 6% CaO but low 
magnesia, a siliceous chert (No. 19375), and two opaline cherty shales (Nos. 

98045 and 28046). An opal and an opalized chert were likewise included to 

determine the effect of an opaline silica. Crushed limestone was used in other 
"specimens. hae 

. The conclusion from this test was that the principal ingredient in the sand 

contributing to the abnormal volume change was the “siliceous magnesian 
- limestone” and that probably the magnesia in the form of Mg CO; in this rock 
was one of the active reagents with the sodium hydroxide from the sodium oxide 


I s all of the sands from the shale-chert infected area, except one, showed e 
derable expansion. The exception was the sand which was subsequently. eens Z 
d to be low in shale and chert. tat ee * 
j All of the sands from outside the infected area, except one (all of which ne" 


kage at six months. ‘This relative condition has persisted throughout the 


Mortar cylinders (2 in. by 4 in.) for compression tests, fabricated from the 


--98045 and 28046 (‘Table 4, Appendix, I). 

_ The early tests in this series were made with 2.5%, 

to the Russian River san 

occurred with even as low as 
include specimens with lower percen 
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. However, excessive expé 
of No. 28039 but was likewise noted, 
minated calcareous shale No. 19374, an 


5%, and 10% additi 
d. As evidence accumulated that excessive expansi0o! 
21% of No. 28039, the series was expanded to 
tages ranging down to as low as 0.1 \% 


(see Fig. 5(@)). 
OTHER TESTS 


Later test series have included observations to determine the effect of: 


(1) Age of cement; 

(2) Washing soluble salts out of the cement, treating the aggregate with 
this resultant liquor, and then testing for expansion; 

(3) Admixtures such as pumicite, celite, ground Ottawa sand, calcium 
chloride, and Vinsol resin; : 

(4) Treating the sand with sodium hydroxide and dilute hydrochloric acid; 

(5) Varying the quantity of cement, using 1:3, 1:2, and 1:1 mortar 
mixes; and 

(6) Methods of accelerating reaction by heating so as to reduce the time fF 
of test. a 


_ Most of these later tests have not been conducted long enough to produce — 
conclusive data of value. Apparently, however, the test cannot be accelerated 
by heat, by the autoclave, or by pulverizing the deleterious materials, but can ~ 
be accelerated by using 1 : 2 mortar mixes instead of 1: 3 and adding from 5% | 
to 20% of the reactive minerals crushed and screened to the size range, a 
—30-mesh to +80-mesh size. 

The addition of a puzzolanic material seems to be effective, as 25% pumicite 
substituted for an equivalent weight of high-alkali cement reduced the expan- 
sion to a negligible amount at early periods. Part of the reduction may have 
been due to the lower percentage of total alkali in the combined mix. Ground 
Ottawa sand, however, was much less reactive and calcium chloride had little 
effect (see Fig. 7). The reaction with the puzzolanic-type cement included in 
Series II (HP in Fig. 4) was likewise considerably less than with other standard 
cements of the same or less alkali content. Vinsol resin appears effective to a 
certain extent. 

Treating the Oro Fino sand with water mixed with, and then leached from 
a high-alkali cement, or with a solution of sodium hydroxide, apparently atone 
any subsequent reaction; but treating with a hydrochloric acid solution is 
ineffective. This would indicate that it may be some form of silicate rather 
than carbonate which causes the trouble. 


ial 


CoNCRETE TESTS 


With the exception of Series I and IA, all of the tests described were made. 
on mortar specimens. A later series consisted of 6-in. by 6-in. by 30-in. speci- 
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Fic. 7.—Errect oF VARIous ADMIXTURES ON THE Expansion oF A HicH-ALKALI 
CremEnT AND REACTIVE SAND Morrar (1:3 Mrx) 


SHALE AND CHERT POPOUTS 


29 Although the laboratory investigations described herein conclusively demon- 


strate a very destructive chemical reaction between a high-alkali cement and 


some ingredient in the siliceous magnesian limestones, nevertheless one cannot 


4 

overlook the fact that some chemical action is also taking place in the presence 
_ of some types of the low lime-magnesian shales and cherts, as evidenced by the 
_ data shown in Table 1, as well as by a study of the extensive popouts observed 
: including pavements, bridges, and buildings where 
found at the base of the popouts, fre- 
bstance analyzed as a silica gel with 


in numerous structures, 
~ shale or chert particles are invariably 


ia quently accompanied by a soft viscous su 
~ gome form of sodium silicate. Figs. 8(a) and 8(b) are views of large popouts 


- from the basement of the old Times Building in Los Angeles. Fig. 8(a) is a part 
- of a 5-in. popout showing at: (a) Sodium silicate gel; (6) an intermediate zone 
of partly altered shale; and (c) apparently unaltered rock. The chemical analyses 


- 


“mens and may ther ore be inaccurate in some details. _ 8(b) shov 
and unaltered parts of the mineral that caused the popout. : 


‘The aforementioned silica gel frequently has been observed exuding ‘rom 
- cracks or pores in the face of concrete structures in which aggregates and ce- 


He « TABLE 2.—CuemicaL Composition oF Rock AND Get FouNnD IN THE 


(1) 
2 a eee 

IMOISGUTE sa ormieiee sien #3 idaiteratcte 92 3.12] 3.23 3.38 
Combined H:20 and organic matter. . 84 2.80} 3.41 5.00 
ae sla Oot ae a ae eee 92 3.83] 3.83 2.55 

84 1.09} 6.37 4.69 

ate esa -36 0.92] 2.50 1.36 
Rradeversaere 72 0.54 | 1.09 0.79 
Alkalis....c 60. 0+ 5.00 cee eae ee sees 62 2.04] 4.90 5.00° 
Carbon dioxide -50 0.71} 1.43 1.79 
Chlorides. ....-+..++ sere ee ereeee .72 0.40] 0.24 0.16 
Silica nie ary shcy- segments 16 $3.30 | 71.22 74.00 
Undetermined......-.---+-++++:: 40 1.25] 1.78 1.28 

BF Vestenh oes asic. efets, cola ais aiclese: pia e = Foshan 100.00 


vix 


M Two Typicat Porpours SHOWN IN Fics. 8(a) AND 8(0) 


Description 


ments similar to those under investigation had been used. This type of gel 
has also been found throughout the cores and pieces of concrete examined from 
all of the failed pavements and structures. In some cases a number of aggre- 
gate particles had entirely altered to gel, so that it often swelled out above a 
freshly cut surface of a concrete specimen. In many cases the reaction has only 
partly progressed into particles identified as siliceous shales or cherts of a type 
relatively free from lime and magnesium carbonates. Although the gel has 
usually been found in a plastic state in fresh popouts, and in specimens cut from 
beyond the exposed surfaces of the concrete pavements and structures, it 
hardens readily and shrinks when dried on exposure to the air. 

A detailed examination was made of approximately 200 popout and core 
specimens removed from the affected buildings, sea walls, bridges, and pave- 
ments over an area extending from Los Angeles on the south to the northern 
part of the Salinas Valley. As defined by Allan H. Nicol, mineral technologist 
for the State Division of Highways, each popout particle had associated with 
it a considerable amount of optically isotropic material of very low index of 
refraction. ‘This material was identified as opaline silica with complex sodium 
silicates and was found to have indexes ranging from 1.41 to 1.54. This 
substance, which was slightly plastic before drying, is hereafter referred to as 
“gel”? It was found that the index of refraction of the dried gel increased with 
the color. The clear, glassy variety had indexes ranging from 1.41 to 1.47. 
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from 147 to 1.542 ee 
Microchemical tests showed that the type of gel with a low refractive in 4 
was a nearly pure opaline silica, relatively free from sodium, magnesium, 


aluminum, calcium, and iron salts, whereas the yellow, amber, and brown 


varieties, which predominated in many specimens, contained increasing per- 
~ centages of silicates and other compounds of these and other elements. The 
presence of these compounds, together with a variable content of adsorbed 
water, undoubtedly could account for the variable refractive indexes. 


Most of this gel is fluorescent under ultraviolet light. A strong fluorescence + 


was observed in the expansion bars and mortar cylinders which carried various 
percentages of No. 28039 (siliceous magnesian limestone; see Appendix I). 
These specimens had been subjected to the sealed curing test. The fluorescence 
in this case is due to gel derived from the particles of No. 28039 in the aggregate, 
as the rock in its original unaltered condition does not fluoresce. 

The gel-like material associated with these specimens contains opaline silica, 
with varying amounts of sodium, magnesium, aluminum, calcium, and iron 
compounds. All of the gel examined on popouts, and in the cores and broken 
concrete from the various sources, shows similarity of optical properties and 
chemical composition. - 

Siliceous, calcareous, and cherty shales were the principal petrographic types 
associated with the popouts and the gels found in the concrete specimens. 
Chert was also commonly found, but it was impossible to determine how many 
- of the completely altered particles may have been chert before the reaction. 

The dark gel carrying the impurities was usually associated with a dark- 
colored, organic, siliceous shale or chert. The light-colored gel was normally 
found with light-colored shale or chert, usually cream, tan, or buff. These 
light-colored shales and cherts were generally more free from organic material 
and fossil remnants than their dark-colored equivalents. 

It can be reasoned that this substance forms in the presence of moisture 
through the action of alkali in the cement or possibly in the rock on some form 
of silica in the rock, resulting in a gel-like end product consisting primarily 
of opaline silica, sodium silicates, and water. As a partial proof of this as- 
sumption, white deposits or incrustations containing more than 50% Na2COs 
have been found on the protected parts of structures where neither surface 
water nor ground water could come directly in contact with the concrete surface 
on which the deposit occurred. Presumably this sodium was in the form of 
sodium hydroxide in the concrete and was changed to sodium carbonate by 
carbon dioxide derived from the air. 

Following this reasoning, mineralogy has well established the fact that 
hydrous forms of silica, such as opaline, are readily dissolved in either sodium 
or potassium hydroxide solutions, and also that these forms of silica are found 
in abundance throughout some of the Miocene formations in the area under 
discussion. All siliceous shales and cherts, therefore, are subject to question, 
in connection with the chemical reaction resulting in the gel substance. Exten- 
sive tests show that many types of shale and chert found in the gravel deposits 
are readily dissolved and disintegrated by soaking in a 10% solution of sodium 


«t 
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hydroxide. In Fig. 9 the effects of soaking are shown for two materials— 
_specimens cut from ledge rock, and 3-in. shale and chert particles from stream- 
bed gravel deposits. 
__ Although these tests show only that the gel type of chemical action ac- 
-companying popouts and expansion failures can be approximately duplicated 
in the laboratory by the use of a sodium hydroxide (Na OH) solution, additional 
_ tests indicate that a similar action occurs when these types of aggregate are 
~ soaked in the mixing water from high-alkali cements. The chemical composi- 
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Fig. 9.—EFFECT OF A 10% Soprum HypROXIDE Sotution (aT 70° F) ON Somn TYPES co SILICHOUS 
a (CumRTy) SHALE AND CuprRT FROM THE CALIFORNIA Miocsnp ForMATIONS 


tion of water containing alkali, leached from a low-alkali (0.45%) and a high- 


alkali (1.14%) cement, is shown in Table 3, together with the change in each 


solution, after digesting for 120 hr at 200° F with Oro Fino sand containing 
5] 


about 9% of chert and shale particles. It is significant that the water from the 


Figs. 8(c) and 8(d) show two typical popouts of the type accomp 


(a _ relatively large deposits of gel. It will be noted from Table 2 that these 


_ TABLE 3.—CuHEmMIcAL ComposiTIon or WasH WATERS From A Low-4 
-anp A HicH-ALKALI CEMENT AND THE SAME Sotutions AFTER- 
Dicestine ror 120 Hr.at 200° F with Oro Fino Sanp Con- 
TAINING ABOUT 9% OF SHALE AND. CuErRT PARTICLES 
(In Parts per Million) 


A 


Description 


Wash WATER FROM: 
w-alkali cement 
High-alkali cement 
Sotutions ArrpR DIGESTING 
wirH Sanp:> 
Low-alkali cement 
High-alkali cement 


2 Alkalies (Na and K) reported as Na20. b 3-mesh to 10-mesh sand particles. + 


particles have chemical compositions somewhat similar to No. 28042 (Table 4, \ 
Appendix I), particularly in regard to lime, magnesia, and alkali, although the 
shale in Figs. 8(a) and 8(b) is very much harder than that in Figs. 8(c) and 
8(d), or the soft shale represented by No. 28042. Even if the gel type of reac- 
tion accompanies many popouts and other expansion failures observed in the q 
field and also can be accounted for, at least theoretically, when a high-alkali | 
cement is used, the volume change and the exact source of the stress causing _ 
the popouts and accompanying the reaction require further investigation. P| 


iM CoNCLUSION 
The tests described herein justify the following conclusions: 


ic 1. Certain mineral constituents in concrete aggregates contribute to expan- 
sion of concrete and sometimes develop stresses of such magnitude as to — 
cause failure. 

2. Some shales expand excessively when saturated with water or when they 
are alternately wet and dry and, therefore, the percentage of such material should 
be kept to a practical minimum. This action, however, appears to be physical _ 
and of much less intensity-than a chemical reaction with other minerals. 

3. Excessive expansion, sufficient to rupture a concrete mass, may occur 
when certain minerals are present. The reaction in this case is chemical, and 
evidence indicates that it always takes place with the siliceous magnesian lime 
rocks found in the aggregates from the Upper Miocene sedimentary deposits 
of the state and frequently in the presence of some of the low-magnesia, low- 
lime shales and cherts. 7 

4. The chemical reaction producing excessive expansion apparently occurs 
only when the portland cement component contains an appreciable percentage | 
of alkali in the form of sodium and potassium oxides. It is of an intensity 
proportional to the percentage of such oxides, apparently being of such low | 
order as to be negligible when the alkali content is less than 0.6%. 
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APPENDIX I 


MINERAL IDENTIFICATION 


The chemical analysis and physical properties of a few of the Miocene 
ound in the coast area between Monterey 


le 4. Each sample is identified by a 
detailed description of 


3 
. 


4 shales, cherts, and impure limestones, f 
_ and Los Angeles, Calif., are given in Tab 
laboratory test number that identifies the following 


£ 
each one: 


No. 19374—Laminated Calcareous Shale: 
Groundmass an impalpable mixture of clay, opaline silica, and sericite, 
earrying abundant fragments of quartz, orthoclase, chalcedony, and calcite, 
with some marcasite. Organic matter and fossil relics, including fora- 
minifera and diatoms, are found occasionally as stringy accumulations 
parallel with the lamin. The chalcedony occurs chiefly as fragmental 
} grains, with an occasional veinlet. A few small clay lenses were observed 
te without any appreciable embedded mineral grains of sufficient size to be 
4 identified. The laminations in this rock are quite high in clay and opaline 
silica, and carry the thickest layers of organic matter and fossils. This 

could explain the ease with which this material splits apart. 


~ No. 19376—(Chalcedonic) Cherty Shale: 
Predominant evidence of chalce 


of this rock. The groundmass is 
flamboyant type, with some areas not entirely replaced. Sizable frag- 


ments of recognizable minerals are lacking. Organic matter, low in 
content, occurs in layers that tend to parallel the bedding. The entire 
specimen is pierced throughout by chalcedony veinlets. Quartz and 
feldspar fragments are Jacking. Opaline silica not observed in this 


material. Fossils absent. 


donic replacement of the shaly portions 
predominantiy chalcedony of the 


investigations and tests described in this paper were conducted as a 
sk project of the California Division of Highways, of which State Highway nie 
neer Charles H. Purcell, Assoc. M. Am. Soc. C. E., is chief. The writer is st | 
bted to the following members of his staff, all of whom have contributed 
uable suggestions: Lester Meder, assistant physical testing engineer, for | a y 


theory of the probable reactions; O. J. Porter, senior physical testing engineer Ke 


Specific Gravity: 


Le Chatlier 
Saturated surface dry 
Absorption: 
Percentages 
m L ee | SS 
erik TABLE 4—(Continued) ; } 
% eee a eS __ ____ eee LI 
t2- : - 
R No. 28039 28039A 28042 28045 28046 30704 ) 
1 0.42 0.92 3.92 4.74 5.09 3.8 ; 
2 4.15 0.58 3.12 Trace 2.19 8.3 
3 0.83 0.99 3.24 3.19 3.52 1.1 
4 0.27 1.22 12.40 5.09 3.90 3.5 
5 26.24 30.85 1.80 5.18 3.58 0.4 
6 15.55 8.75 1.33 0.52 0.52 Trace , 
7 0.20 0.53 4.21 2.09 1.87 x } 
8 0.02 wig = 238 ce 7 
: 9 33.92 37.03 044 2:50 2:30 ae | 
10 0.58 0.39 0.84 0.44 0.66 1.6 tf 
- 11 17.82 18.74 68.70 76.25 76.37 85.1 
12 100.00 100.00 100.00 100.00 100.00 100.00 ft 
13 72.7 56.3 48.2 | 
14 4.8 11.2 10.2 
15 20.0 41.8 36.0 
16 2.62 2.50 2.28 2.16 
17 2.43 1.90 1.94 1.94 
18 17 7.1 8.4 7.7 
—= 
@ Combined water and organic matter. >’ Los Angeles Rattler Test. ' 
; ne ' 
y No. 28037—Diatomaceous Shale (Soft Siliceous Type): ; 
Carries a few fragments of plagioclase and quartz. Groundmass con- — 
sists chiefly of diatoms and other opaline material, together with clay, — 


some mica (probably sericite), and a variable amount of organic matter. 
Groundmass is quite uniform. 


No. 280388—Chert: 


Opaline material, with some organic matter, and a few fine chalcedony 
fragments constitute the groundmass of this speciman. The groundmass 
is pierced throughout the entire length of the slide by a series of fine 
chalcedony veinlets that average about 0.15 mm in width. These veinlets 


No. 


No. 


| EXPANSION OF CONCRETE 


are all more or less parallel with each other and are apparently contort: | 


able with the bedding. They also parallel the heavy layers of organic 


matter. — Abundant evidence of chalcedonic replacement throughout 
-groundmass. “Canals” or veinlets are in portions partly opaline. No- 


fossils or diatoms were noticed. Chalcedony of veinlets is of flamboyant 
type and carries minute opaque inclusions, possibly marcasite. Many 


canals or veinlets not entirely sealed from wall to wall by opaline cement, 


leaving innumerable fissures and openings. 


. 28039—Siliceous Magnesian Limestone: 


A groundmass composed principally of chalcedony, opal, dolomite, and 
calcite. The dolomite occurs as rhombohedrons; calcite shows excellent 
twinning lamelle; the chalcedony is flamboyant and shows aggregate 
polarization under X nicols. A few diatoms present in the groundmass, 


many showing replacement by calcite, dolomite, or chalcedony. Irregular 


patches of organic matter, concentrated near the chalcedony. 


». 28042—Soft Shale (Santa M argarita Formation): 


Quartz and other mineral erains are very abundant in this material 
(over 25% of groundmass). Groundmass carries abundant organic matter 
and finely disseminated marcasite. No evidence of siliceous replacement. 
No diatoms or other micro-fossils observed. Cracks and fissures numerous. 
Cement of groundmass chiefly clay. No evidence of recrystallization— 
hence, material is probably quite soft and friable. Average size of grains 
approximately 0.039 mm. Consist principally of quartz, with some plagio- 
clase and actinolite. Quartzhas inclusions, possibly rutile. Organic matter 
strung out parallel to lamine. This sample also carries a considerable 
amount of an anisotropic, pleochroic mineral (index greater than balsam) 
found in popouts. 


28045—Opaline Cherty Shale: 

This rock shows strong similarity to No. 19374 and to No. 28046, under 
low-power magnification. It is of the same geological age as No. 19374 
and No. 28046, as evidenced by the foraminifera and other fossils, which 
show partial chalcedonic replacement. The groundmass appears to be 
an intimate mixture of chiefly opaline silica with a small amount of dia- 
genetic glauconite and clayey portions, with traces of organic matter. 
The latter is of fairly uniform distribution throughout the slide. Em- 
bedded in this groundmass are abundant coarse detrital grains of quartz, 
orthoclase, and plagioclase. Numerous feldspars appear partly glauconi- 
tized. Chalcedony is not very abundant in the groundmass, except as a 
replacement of the fossils. No free calcite or dolomite as fragments or 
veins was observed. This material differs from No. 19374 by a lower 
ealcite-dolomite content, and by a higher amount of detrital quartz and 
feldspars, as well as a more uniform distribution of the organic matter. 


28046—Opaline Cherty Shale: 

This rock is of the same geological age as No. 19374 and No. 28045 and 
strongly resembles them. The following differences, however, are note- 
worthy: In No. 28046 the detrital quartz and feldspar content: 1s lower, 
and these grains are smaller; spherules of chalcedony are fairly abundant 
in the groundmass; glauconite and organic matter are more plentiful than 
in No. 28045 and occur in concentrated form parallel with the lamin; 
although the groundmass is composed chiefly of opaline silica, it neverthe- 
less appears partly pleochroic under high power and indicates the presence 
of intermixed diagenetic minerals (formed after deposition). No free 
dolomite or calcite was observed in this material, and what lime content is 
found on chemical analysis will be due in large part to the fossils and the 


yore tc eet 


3070;—(Dark) Opaline Cher: raat ce 


Dark brown stringy accumulations of organic matter parallel 
EDI eae Pen An occasional quartz or orthocl: 

: Sample carries a few ch 

; ed by opaline veinlets and clay. 
firm | he only recognizable anisotropic minerals ob- 


served in this material. atrix predominantly opaline silica with some 


donic replacements, and no fossils. 


APPENDIX II 


SAND IDENTIFICATION 


Group I—In this group rock fragments consist chiefly of granitic rock and 


Bh  undistinguishable clay minerals. Material shows no evidence of chalce . 


cag 


z 


sandstone with less than 15% quartzite, rhyolite, andesite, siltstone, and lime- — 


: stone, and from 4% to 15% shale and chert. The mineral grains consist chiefly 


of quartz and feldspar, with less than 10% of pyroxene, amphibole, mica, 
magnetite, hematite, limonite, serpentine, and calcite. Sands Nos. 1 to 6 in 
this group were secured from the following places: 


Sand No. - Source 


1 Santa Clara River at Saticoy, Ventura County 

Sisquoc River at Sisquoc, Santa Barbara County 

Piru Creek at Santa Clara River, Ventura County 

Oro Fino, tributary to Salinas River, Monterey County 

Bank adjacent to Salinas River at Atascadero, San Luis Obispo County 
Salinas River at Templeton, San Luis Obispo County. 
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Group II.—Rock fragments in Group II consist chiefly of granitic rock and 
gneiss in Southern California, and of graywacke (sandstone) in Northern 
California, with less than 10% of basalt, andesite, quartzite, and jasper and 
usually less than 1% of shale and chert. Mineral grains in Group II are similar 
to Group I. Sands Nos. 20 to 24 in this group were found in: 


Sand No. Source 


20 Coyote Creek, Santa Clara County 

21 Russian River, Healdsburg, Sonoma County 

22 Livermore Valley, Alameda County 

23 Near Olympia, Santa Cruz County 

24 Roscoe, San Fernando Valley, Los Angeles County 
25 Irwindale, San Gabriel Valley, Los Angeles County 
26 Monrovia, San Gabriel Valley, Los Angeles County 
27 San Joaquin River at Friant, Fresno County 


i cn te ——————— 


wa AS | 22.76 | 2.00 | 4.02 66.04 | 1.80 | 1.54 | 0.45 6.1 | 7.2 | 62.3 | 17.9] 3.3 1.0 0.05 
- BL | 23.76 | 2.48 | 4.34 64.58 | 1.61 | 1.61 | 0.51 76) 7.2'| 41-4 | 387.2) 4-2 Aloe) O12 
1S CL | 20.42 | 5.68 | 5.92 | 62.86 1.57 | 1.74] 0.77 | 17.3| 5.8 52.5 | 17.6] 3.6 2-5 0.09 
hig DL | 22.26 | 3.60 |. 4.73 63.18 | 2.93 | 1.38 | 0.90 | 10.9 6.4 | 48.5 | 26.8) 4.1 5.1 0.21 
- EL | 21.57 | 3.52 | 4.49 62.44 | 4.08 | 1.50 | 0.92 | 10.6 6.1 | 50.8 | 23.3] 3.8 3:7 0.25 Rx" 
a FS |21.00| 3.12 | 5.39 64.80 | 1.84 | 1.51 | 0.92 | 9.4 9.0 | 61.0 | 13.5] 3.8 3.6 0.10 ia, 
FL | 23.34 | 3.96 | 4.28 64.32 | 1.09 | 0.87 | 0.50 | 12.1 4.6 | 49.5 | 28.8] 3.5 2.6 0.05 5 * 
FA | 25.35 | 3.87 | 3.42 63.52 | 1.62 | 1.22 | 0.56 | 11.8 2.6 | 34.6 | 46.2 | 3.6 2.0 0.01 fy 
Gs 21.48 | 2.72 | 5.64 | 64.50 | 1-72 171 | 1.14 | 8.2] 10.3) 54.1 20.3} 5.1 6.3 0.09 (ah 
GL | 20.02 | 5.35 | 5.49 62.80 | 1.65 | 1.81 | 1.10 16.4] 5.6 | 58.2|12.0) 5.0 6.2 0.05 
HS | 21.14 | 2.48 | 6.48 64.16 | 2.23 | 1.78 | 0.69 7.5 | 12.8 | 49.5 | 23.0] 3.3 1.5 0.18 
HL | 21.59 | 4.80 | 5.17 62.61 | 1.72 | 1.89 | 0.53 14.6 5.6 | 45.2 | 27.3 | 3.5 1.4 0.05 
HP | 31.10] 2.40 | 6.77 53.30 | 1.86 | 1.57 0.78 | Portland puzzolanic type] ...- | «.-- 0.01 
Is 22.56 | 2.40 | 5.52 | 65.33 1.48 | 1.49 | 0.44 7.3 | 10.6 | 50.1 | 26.7 | 3.2 2.1’ 0.17 
M 21.30 | 2.90 | 5.70 | 63.44 2.78 | 1.97 | 0.83 8.8 | 10.3 | 49.4 | 23.4 | 4.2 4.4 0.12 
N 22.34 | 3.78 | 4.78 | 63.32 3.44 | 1.51 | 0.47 | 11.5 6.3 | 46.1 | 29.3 | 3.1 1.6 0.10 
O 91.65 | 3.55 | 5.65 | 63.35 1.45 | 1.85 | 0.51 | 10.8 9.0 | 46.0 | 27.0} 3.7 3.9, | 0.01 
R 99.37 | 4.00 | 4.35 | 64.65 1,36 | 1.45 | 0.64 | 12.2 4.8 | 54.5 | 22.8] 38 27 0.01 
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Crushed hornblende diorite, Logan, San Benito © 
Crushed quartz, Jackson, Calaveras County. ae 
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APPENDIX III 


4 CEMENT CLASSIFICATION 


, ar The cements used in the investigation were analyzed as shown in Table 5. ! 


= TABLE 5.—Crment ANALYSES 


SS OD ee 
ComPpounD MeRRIMAN 


a . Oxipe ANALYSIS (PERCENTAGES) CoMPosiITION ALKALI Auto- 
Be. Cee (PERCENTAGES) Trst ‘clave 
ment i aS ee eee test 
oe $<“ — (per- 
cation : centage 
a Alka-| Free | experi- 


Si O2 |Fe2Os} AlzO3| Ca O Mg O| SOs as |CsAF| CsA | CaS | C28 linity | alkali ment) = 3 


ed Dat ee a eS SS en oan SS ee or oe 


In the identifying letters given in the first column, the first letter refers to the 


- prand and the second letter to the type of cement, as follows: 


S <= Standard cement; in some cases the standard product contains less 

than 8% of CsA and therefore might also be classified as a low or 
moderately low CsA cement. : : j 

L = Cement having less than 8% CsA and complying with American Asso- 

ciation of State Highway Officials Specification M-60-38 as dis- 

tinguished from the standard product of the same manufacturer 


with higher CsA content. 


Low-heat type 4.” 
re snsoluble, 15.44; all other cements less than 0.85% 


Portland-puzzolan; 1 ; 
insoluble; cements M, N, O, and & are from mills outside California. 
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DISCUSSIONS 


-- BRIDGE AND TUNNEL APPROACHES 


Discussion 


A By JoHN F. CuRTIN, JUN. AM. Soc. C. E; 


‘ 


Joun F. Currin,” Jun. Am. Soc. C. E. (by letter)..7*7—The primary 


_ premise of this paper is that the approaches to bridge and tunnels govern the 


capacity and accessibility of these structures. Corollary with this is the 
premise that the characteristics of the motor vehicle and the inherent limita- 
tions of its operator are primary considerations in the design of these facilities. 

It is gratifying to note that all of those who have been kind enough to 


submit discussions on this paper are substantially in agreement with the 


main contentions. Some of them have contributed additional material to 
substantiate the premises and to broaden their application. The writer is 
grateful for these additions as well as for the discussion in which exceptions 


i are made to certain of the design considerations as presented. The latter is 
_ more interesting, perhaps, for it reveals the statements wherein the writer has 
not been entirely clear as well as those upon which a difference of opinion 


exists. Some further comment on these points is warranted in order to correct 
the misunderstandings and to clarify the disagreements. 

As Mr. Edwards states, the obsoleteness of the approaches to the Brooklyn 
and Queensboro bridges in New York City, although their main spans are 
still useful, is evidence of the need for greater consideration upon entrance 
and exit facilities. The City of New York is now (1940) spending $68,000,000 
for the Queens Midtown Tunnel, and plans to spend another $80,000,000 for 
the Battery Tunnel in order to handle the increased volume of traffic crossing 


the East River. It is doubtful that either of these tunnels would be necessary 


if the approaches of the Brooklyn and Queensboro bridges could be developed 
facilities will tap the same 


to their full potential capacities. Both of the new 
traffic sheds that these two bridges, together with the Manhattan and Williams- 
burgh bridges, are serving. However, the two new tunnels will provide prob- 
ably a more economical, and certainly a more effective, solution to the East 
2) 2 a 

Nors.—This paper by John F. Curtin, Jun. Am. Soc. C. E., was published in November, 1939, Pro- 
ceedings. Discussion on this paper has appeared in Proceedings, as follows: February, 1940, by Messrs. 
1940, by pores Hartley, Esq.; and April, 1940, by Messrs. 


Dean G. Edwards, and J ohn W. Beretta; March, 
George H. Herrold, Park H. Martin, and Charles M. Noble. 


11 Highway Engr., Economist, Am. Petroleum Inst., New York, N. Y. 
17a Received by the Secretary October 28, 1940. 
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n 
approaches than to attempt to converge e or 1 gs 
As Mr. Herrold suggests, the comprehensive city plan may dictate the necessit 
of having several facilities spaced some distance apart. 


of crossings which, in conformity to the city plan, will afford the maximum — 


a 


am 


For a large city, the problem resolves into one of determining the number 


convenience in traffic movement with a minimum of backtracking and over-— 
lapping, at the same time considering the relationship between the cost of 
these traffic facilities and the transportation benefits that are derived from __ 
them. When this ground work is completed, the approaches of each bridge 
or tunnel can then be designed so that the crossing will fit into the arterial plan 
and handle its proportionate share of traffic with maximum convenience. 

- This arrangement should prevail regardless of how the structure is financed. 
Mr. Noble states it aptly in his conclusion that the various traffic studies *| 
together with the cost estimates and a recognition of the community aspects : \ 
“constitute the only intelligent method of determining the specific location — ’ 
and: the general design of the approach system.” For this reason, the writer i :- 

§ 


cannot agree with Mr. Martin’s contention that the location of a non-toll 
project might differ materially from that of a structure to be financed by 
tolls. Although it is true that topography, land value, and other physical 
considerations must be weighed in selecting the site of a crossing, fundamentally 
it is the fitness of the project as a traffic facility, not its cheapness, which deter- 
mines its value to the motoring public and to the community. 4 . 
Only too often engineers have been misguided, by shortsighted economy, fF 
into selecting a cheaper site or designing an inadequate approach forastructure. — 
This is particularly true on the so-called “free” projects, where the design does 
not have to stand the “cash register test.’’ Regardless of whether the motorist 
pays for the crossings directly through tolls or indirectly through gasoline taxes, 
it remains the responsibility of the engineer to determine the location of the 
structure and the design of its approach system that will accommodate the y 
coordinated movement of traffic in an economic manner—without compro- 
mising that objective. 
The reason that the writer has dealt mainly with toll structures is, as Mr. 
Herrold states, that “more attention has been given to approaches where tolls 
are charged than to approaches to tunnels and bridges which have been paid 
for through taxes.” Although the economic considerations have been treated 
only incidentally in this paper, due to limitations of space and more adequate 
treatment by other writers, it is evident from inspection of them that the 
approaches of toll structures are superior economically as well as functionally 
to those of non-toll projects. The self-liquidating facilities have a better ratio 
of total motoring benefits to total costs since they are scrutinized more carefully 
in the planning stage from that angle in order to insure solvency. The implica- 


Ed o toll projects totally unfounded. pistes tg i: Mae yA 
r, there is ‘ho real reason why the same principles of e 
cannot be applied to non-toll projects. Heretofore, engineers have 

mainly on a comparison of cost estimates in determining which in 
of approach studies for a bridge or tunnel is most economical. T! 


_ Nevertheless, the inadequacy of comparing only the total costs is well recog- 
nized, for the final selection is generally made by applying a judgment factor, | 


= 


parative costs. Furthermore, although most bridges and tunnels indicate 
g hat the final selection of site and approach development was the most satis- 
TA factory solution, there are many which show that one or more of the intangible 
~ considerations were slighted or neglected. . 
ia If the full return is to be had upon the investment in a bridge or tunnel, 
a more inclusive analysis must be used in determining the proper location and 
development of the approaches. As Mr. Martin states, “the final decision 
_ * * * must be based on the functional adequacy of the device, with due con- 
- sideration to the cost.” Although it is more difficult to prepare than the 
cost estimate, an analysis of the potential traffic and the benefits that will 
- acerue to it by use of the proposed facility should also be made in terms of 
monetary value. Nathan Cherniack, Assoc. M. Am. Soe. C. E., has developed 
an effective method for measuring the potential traffic of a proposed vehicular 
- crossing in terms of transportation benefits which he described in an excellent 
paper.!® In addition, John Beakey and C. B. McCullough, M. Am. Soc. C. E., 
have derived a set of monetary relationships among the cost of a highway 
facility, its potential traffic, and the benefits which it will provide for that 
traffic? By considering all items on the common denominator of dollars and 
cents, the correlation between factors may be seen prosaically and a concrete 
index of the value of each proposal may be had. That site and its approach 
~ development which has the highest ratio of benefits to costs is the most de- 
- sirable from the standpoint of the motoring public, whether a toll project 
- or not. For a toll structure, the plan offering the greatest over-all benefits 
will attract the most income to the facility; for a non-toll structure, it will 
serve the public best. Although tolls are an important financial consideration, 
they are only a means of financing and, therefore, bear no direct relationship 
to the physical planning other than to require certain provisions for col- 
lecting them. 

The conclusion drawn by Mr. Beretta that only the approaches of large 
pridges and tunnels have received proper attention in design is generally true, 
although there are some excellent examples of approach development on smaller 

As arule, the traffic design problems on 4 small vehicular crossing 


structures. 
18 “Measuring the Potential Traffic of a Proposed Vehicular Crossing,” by N. Cherniack, Proceedings, 
Am. Soc. C. E., February, 1940, p. 207. : 
19 ““Economics of Highway. Planning,” by John Beakey and C. B. McCullough, Technical Bulletin No.7, 
Oregon'State Highway Commission, 1937. 
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arious items of expense, property, construction, maintenance, and operation | 
estimated for each plan, and since the total of these is the most tangible 4 ; 
m that can be assigned to that proposal, it becomes the basis of comparison. — 


_ which embraces an understanding of the other considerations, to the com- — $ ‘ 


na relative size of these crossings and the fact that 
structures is standardized in many respects tend to 1 
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Apparently, some difference of opinion exists as to the usefulness of circles 


- for regulating traffic on bridge and tunnel approaches in cities. Mr. Martin 


states that they have been economical and satisfactory in his experience, 


whereas Mr. Edwards demonstrates their ineffectiveness in handling traffic 


in Washington, D.C. The writer is inclined to agree more with the conclusions 
of the latter—that traffic circles should be limited to rural and suburban 
regions. 


Because of their successful adaptation to the intersections of heavily 


traveled highways, the installation of circles as approaches became popular 
in the late 1920’s. In quick succession, the planning engineers of the Goethals 
Bridge, Outerbridge Crossing, and the Delaware River Bridge adopted the 
rotary principle for one approach of each of these structures. Its advantage 
over the street extension and reservoir types of approaches was the presumption 
of continuously moving traffic and the elimination of the bothersome left 
turn. By compelling all vehicles to proceed in one direction around a circle, 
the approach became capable of handling a larger volume of traffic with less 
delay. The theory of operation is that conflict is minimized by the substitution 
‘of a continuous weaving operation by vehicles moving in the same circular 
direction for a direct crossing. This principle is discussed fully by Guy 
Kelcey, M. Am. Soc. C. E., in his excellent paper.” 

The size of the central island has a considerable influence on the efficiency 
of a traffic circle because the radius of the roadway must be large enough to 
accommodate a reasonable speed, and sufficient distance must be provided 
between connections to the circle for the interweaving of vehicles. This 
latter factor tends to slacken the speed and reduce the capacity because of 
the gaps created by cars weaving in and out on the circular roadway. The 
necessity of moving across the circle causes a greater heading between vehicles 
and consequently reduces the lane capacity. In addition, traffic entering and 
leaving the crossing frequently must merge on one or two quadrants of the 
circular roadway. This induces additional interference and further reduces 
the effective capacity of each lane. Furthermore, the circling operation often 
causes motorists to become confused and to turn off at the wrong roadway. 

Rotaries are being used with moderate success in undeveloped areas; 
in cities, however, the waste of land in the central island makes them im- 
practical. This island cannot be occupied without seriously impairing the 
operation of traffic and may be used only for decorative statues or landscaping. 
Pedestrian access creates a dangerous accident hazard and vehicular access 


toa enone of Motor Traffic,’’ by Guy Kelcey, Proceedings, Am. Soc. C. E., December, 1939, 
p. 1649. 
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vites operational interference as well as the loss of one lane due to parking.. 
‘urthermore, as Mr. Edwards states, circles operate ineffectively under heavy 
trafic and do not obviate the use of lights. 

Virtually the same criticisms may be made of the reservoir approach, for 
-on this type, the unwieldy maneuvering between the rectangular plaza and 
the roadway of the bridge or tunnel reduces the effectiveness of the facility 
“unless a tapered area is provided between them, in which case, the rectangular 


_ used, because it is ill-adapted to vehicular movement; as much as 40% of it is 
y wasted as far as storage space is concerned. This is illustrated at the Holland 
een! Approach, Fig. 16, to which the paper and Mr. Martin’s comment 
4 specifically referred. Unlike a parking lot, the storage space of an approach 
5 is used only momentarily for that purpose, and therefore it should be shaped 
_ So as to accommodate the continuously converging operation of vehicles. 
_. Notwithstanding the comment by Mr. Martin that circles are especially 
; adaptable to flat areas, it has been the observation of the writer that the most 
“- effective traffic circles are those in which the third dimension, height, has 
been utilized. One example of this is the circle at the Rockaway Beach end 
~ of the Cross Bay Bridge in Queens, New York. The rotary is elevated above 
the roadway which intersects the bridge approach and, as a result, is used 
only by traffic going on or off the bridge. Traffic on the intersecting road 
. continues in a straight line without having to mingle with bridge traffic, and 
' adequate turnouts are provided so that vehicles may turn off to the bridge 
* or from the bridge to the road, without interrupting the main stream. Even 
when the span of the bridge is raised, there is sufficient space to store the 
_ bridge vehicles on the elevated circle so that traffic on the intersecting roadway 
can continue unhindered. 

Another traffic circle that is unusual in that height was used for its efficacy 
is the three-level structure on the New Jersey Approach of the Lincoln Tunnel 
(Fig. 17). This development of the rotary principle goes beyond that of the 
aforementioned Cross Bay Bridge, for in this case the traffic on both the de- 
pressed approach and the intersecting avenue continues on tangent alinement 
without interruption. The circle, which is the intermediate level, is used only 
by vehicles turning from one roadway to another. The disadvantages of rotary 
traffic are overcome entirely on this structure because no weaving is required 
on the main roads, except possibly at the turnouts and, therefore, traffic is 
not slowed down. ‘The radius of the circle is small so that comparatively little 
land is required, and yet it is large enough to accommodate the interchanging 
vehicles at the speed with which that operation is made. This type of grade 
separation is very well adapted to the intersection of express highways where 
the cost of land is high and where plenty of clearance between the two roads is 
available. It requires much less property than a clover-leaf structure and is 
much less confusing to drive upon, but a difference in elevation of approximately 
40 ft between the main roadways is necessary. 

The writer is grateful to Mr. Beretta for his valuable contribution regarding 
the approaches of international structures. The special problems which port- 
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space is largely unnecessary. Furthermore, the rectangular area is not fully - 
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of-entry inspection presents are complicated not only by the various types of | 
traffic, each requiring a different type of inspection, but also by the multi-- 
plicity of agencies making these inspections. As Mr. Beretta suggests, hows 
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1 , these problems are capable of solution by the application of known prin- 
s of traffic design, together with those adopted from rail and water 
msportation. ) : one 
Origin-destination studies should be especially helpful in designing inter- 
tional bridge approaches for they provide the key to the classes of traffic 
aa which the degree of inspection required for each type may be determined. 

They also indicate the peak loads so that the capacity requirements may be 
imated. With this information, the various traffic movements can be 
regated among the inspection stations in a manner similar to the way in 
vhich they are distributed geographically from any other bridge approach. 
zt he remaining problem then is one of arranging and, if possible, consolidating 
the inspection facilities so as to require a minimum of conflict among the 
various traffic movements. . ; 
__~ Mz. Hartley has made a valuable addition to the paper by his discussion 
P toll-lane capacities for small structures. Most of the toll stations at the 
_ various interchanges on the Pennsylvania Turnpike. were arranged in the 
_ manner described by Mr. Hartley in Fig. 9(c). 

‘ In analyzing the capacity requirements for a small toll station, the low 
_ traffic-volume periods should be considered as well as the peaks in order that 
E an excessive number of collectors will not be required. The layout of the 
_ Market Street Bridge in Harrisburg, Pa., is subject to criticism in this respect 
. for it requires two men at all times to collect tolls, whereas one man could 
handle the traffic during the early morning hours if the booth arrangement 
* permitted it. It is the writer’s opinion that a double-faced booth should 
~ always be placed in the center of the toll plaza so that in low-volume periods 
~ the outer lanes can be closed and all traffic handled by one collector. Since 

the total traffic volume is likely to be less than 600 vehicles per hr even on & 
large structure for as much as 25% of the time, it is well to consider this 
period as much as the peak. 

; The toll-booth arrangement presented by Mr. Hartley in Fig. 13 allows con- 
siderable freedom of traffic movement but it is also subject to the same criticism 
of inflexibility in operation. A similar set of conditions prevailed on the layout 

- of the Carlisle Interchange of the Pennsylvania Turnpike, but instead of being 
~ staggered, the booths were placed straight across the pavement, as shown in 

Fig. 18. Although this arrangement has only about 60% of the capacity of 
that shown in Fig. 13, it has the same advantages of minimum lateral move- 
ment, no extra graded width and, in addition, it may be handled by one man 

during low-volume periods. Furthermore, the separate booth for each lane 
not only permits faster collections in each lane but it also minimizes the incon- 
venience to the patrons since the tolls are always collected from the left-hand 
side of the vehicle. 

The writer believes that Mr. Martin has perverted his splendid analogy with 
respect to wye connections that one “cannot mix two streams of automobiles as 
one mixes streams of water.” A wye connection may be considered the same 
as a wye fitting in a pipe line; the smoother the connection is made, the less 
turbulence (traffic congestion) will be caused by the fitting. If vehicles must 
slow down or come to a halt at junctions, as Mr. Martin ¢laims, why were the 
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Fig. 18.—Tort Boorn Layour aT THE CARLISLE INTERCHANGE, 
PENNSYLVANIA TURNPIKE, CARLISLE, Pa. 


could enter and leave the main roadway at 60 miles per hr. Mr. Noble, who : 


designed these interchanges, emphasizes the point that wye connections should 
not be located close together because of the turbulence created; and, as Mr. 
Kelcey shows in his paper,” it is not the absolute speed of vehicles but the 
relative difference in speed that causes accidents. Actually, there is a greater 
accident hazard in entering a main roadway from a standing start than in 
merging at the same speed as that of the mainstream. The reason that vehicles 
are required to stop at intersections and some wye connections is not because 
stopping itself is safer, but because adequate sight distance has not been pro- 
vided at the connection which makes it necessary for entering vehicles to stop. 
The writer agrees entirely with Mr. Martin on the need for wide separating 
islands on approach connections with the steady flow system. As found by 
the American Association of State Highway Officials,*! the minimum width of 
separation that will enable a passenger car to make a U-turn with reasonable 
safety is 39 ft, whereas the minimum width for trucks is 71 ft. In general, it is 
desirable to make the separating islands as wide as possible. However, the 
cost of right of way, particularly in urban or suburban areas, frequently makes 


21‘*A Policy on Highway Types,” by Am. Assoc. of State Highway Officials, 1940. 
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it necessary to design these islands with less than the desirable minimum width. 
Most sincere thanks are due to Mr. Noble not only for the valuable additions 
; which he has brought to consideration but also for his efforts in applying some 
J of the conclusions of the paper to practical test. 

4 The writer agrees wholeheartedly with Mr. Noble on the importance of con- 
sidering the influence of a bridge or tunnel approach upon adjacent property 
and the community. Only too often the broad, social and economic implica- 


- tions have been neglected, because of the desire to secure a low-cost solution to © 


a bridge or tunnel approach problem. The effect of a bridge structure upon 

_ property value and the limitations of light and air imposed by such a structure 

_ were brought out fully in the controversy over the proposed Battery Bridge in 
New York City. 

Mr. Noble’s diagnosis of the factors involved in determining the ratio of 

length to width of plazas is very illuminating, although the writer does not 
agree that the use of f = 0.15 is high in determining this ratio. Mr. Noble 
states further that a friction of 0.25 to 0.30 frequently is developed at 15 or 20 
miles per hr, but that at higher speeds less and less friction is utilized. Al- 
though it depends entirely on the design speed, the value given in the paper 
should be ample for most plazas, particularly since the table cited by Mr. 
Noble gives a permissible design speed of 65 miles per hr for f = 0.15. 
Around this same point hinges the difference in the writer’s and Mr. Noble’s 
- use of the tables for determining the forward distance required for lateral 
~ movement on plazas. The paper states that the design speed should be used 
* in interpreting these tables, whereas Mr. Noble uses the posted operating speed, 
which is considerably lower, in applying the tabular values to the plazas of the 
George Washington Bridge and Lincoln Tunnel. The design speed on the 
plaza should be the same as that for the crossing proper for the reason given 
in the paper that “‘the speed of off-bound vehicles approaching the toll booths 
is the governing criterion.” Mr. Noble is correct in his statement that on 
tunnel plazas the convergence should be completed 100 ft in front of the portal 
but it should be noted also that the length for convergence is measured from 
the ends of the toll islands rather than from their center line. Therefore, 
applying the tables to the New Jersey plaza of the Lincoln Tunnel, a lateral 
movement of 35 ft at a design speed of 50 miles per hr gives a minimum length 
of approximately 400 ft which compares favorably with the 450 ft that is 
provided on this plaza between the ends of the islands and the point of con- 
vergence. Similarly, on the George Washington Bridge toll plaza, the applica- 
tion of these tables at a design speed of 50 miles per hr gives a convergence 
length of 460 to 500 ft for a 48-ft lateral movement, whereas the actual length 
provided between the ends of the toll islands and the point of convergence 18 
490 ft. Considering the limitations of the tables and the instinctive design of 
these two plazas, both examples check the tables remarkably well. 

Despite these comparisons, however, Mr. Noble is quite correct in his state- 
ment that the subject of convergence deserves additional study because of its 
economic importance. This writer cites the cost of the Lincoln Tunnel toll 
plaza at $8,500 per ft of width and it is a certainty that a comparably high 
value would be developed if the cost per linear foot of length were derived. 
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Although these tremendous costs tend to restrict the length and width of plaza 
to a minimum, there should be some assurance that sufficient space is being 
provided for vehicles to perform the required movements. 

The limitations in using convergence tables such as those presented in the | 
paper should also be recognized. These values cannot be applied to the | 

approaches of the Pennsylvania Turnpike tunnels because these facilities are — 

not plazas essentially. When Mr. Noble designed the Turnpike tunnel ap- | 

proaches he made an entirely different analysis which was more befitting the — 
; conditions under which vehicles are operating on them. The operating con- — 
ditions on these approaches are similar to those at a main line switch on a 
railroad, whereas the plaza might be compared with a classification yard. | 

It is believed that Mr. Martin has misunderstood the writer’s meaning of an © 
approach in the statement that “Mr. Curtin has confused his discussion, to 
some extent, by treating both the approach and the approach connection the ~ 
same.” Without denying any confusion, it is the writer’s feeling that they are. 
the same, or at least that the connections are a component part of the approach. 

If a bridge or tunnel is to handle its full share of traffic with maximum con- 
venience it should be designed as a whole, not as a patchwork of dissociated 
parts. Otherwise it never will fit together properly. The design speed and © 
the various other design specifications should control the layout of the entire 
approach, including the connections. Although it may be necessary to use a 
different design speed on various parts of an approach to suit the operating or 
the physical requirements, it is most desirable to have the design unified and 
as uniform as possible throughout. Any changes should be made only with 
adequate transitions so that traffic may flow smoothly without suddenly being 
confronted with different operating conditions, for it is generally recognized 
that this is one of the primary causes of accidents. 

Some disagreement prevails as to maximum lane capacity and the conditions 
under which it is developed. Mr. Noble takes exception to the value of 1,500 
vehicles per lane per hr as being high in some cases, whereas Mr. Hartley cites 
an instance in which 1,800 vehicles per hr were counted in a single lane and 
also quotes values in excess of 1,800 per hr at speeds of 35 and 40 miles per hr 
from the Johanneson capacity formula. In addition, Mr. Martin states that 
the maximum capacity is reached at a speed of 23 to 25 miles per hr. 

Unfortunately, there have been no studies which indicate conclusively the 
maximum capacity of a traffic lane, although enough work has been done to 
show definitely that many of the current formulas and notions concerning 
capacity are erroneous. From arbitrary formulas used in the past, the thought 
has prevailed that the maximum capacity of a lane is obtained when vehicles 
are moving uniformly at a speed of 23 miles per hr. Field studies conducted 
by the U. 8. Public Roads Administration” have disproved this theory, how- 
ever. They indicate that the theoretical maximum number of vehicles which 
one lane will accommodate in an hour is approximately 2,400 when the vehicles 
uniformly spaced are traveling at 31 miles per hr. Furthermore, these studies 


2‘‘Preliminary Results of Highways Capacity Studies,” by O. K. N i 
Se achrasr iene g y p y ies y .« ormann, Public Roads, Vol. 19, 
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show that the theoretical maximum does not fall m 

ore than 20% bel i 

value for speeds between 20 and 50 miles per hr. (ae 

It is definitely pointed out, however, in the conclusions of these field obser- 

vations that such capacities are obtainable only in theory and that working 


capacities are well below these limits. It was more or less in recognition of 


these conclusions that the writer arbitrarily used a maximum of 1,500 vehicles 
per hr because, although there is no theoretical basis for it, this vais is within 
the practical limits that have been observed. As a practical matter, neither 
maximum nor working capacities can be determined to such a nicety from 
consideration of vehicular speed alone, for the interference and differential 
speed between vehicles as well as the number of lanes and other design factors 
have a material influence upon capacity. 


Fic. 19.—Bripce APPROACH PrepIcTeED BY ARTIST FOR Twenty YEARS HENCE 


Although it is not recommended necessarily, it is stimulating, nevertheless, 
to see the visionary conception of a bridge approach (Fig. 19) which Norman 
Bel Geddes predicts for 20 years hence.2 The approach comes down gradually 
over an extensive area with long, flat curves branching from each of four levels. 
The principle is sound, but it is hoped that the profession will develop a more 
economical and less pretentious approach than that which this artist portrays. 
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23 ‘* Magic Motorways,” by Norman Bel Geddes, Random House, Inc., New York, 1940. 


. demonstrate them, and most of the fac 
val . The experience of these twenty years is. 

v to be refined and molded to the desired objective. To this” 
eager efforts are dedicated—that some day the motorist in coming home a 
e weary end of a holiday will not be subjected to “that most dismal of 
rotoring experiences: driving back to the city across a bridge.” < ee 


Corrections for Transactions: In November, 1939, Proceedings, page 1541, 
four lines below Eq. 1, “‘a deceleration of 13.2 ft per sec?” should read “‘a de- 
 ¢eleration of 12.9 ft per sec.”” In March, 1940, Proceedings, Fig. 9, on page 
26, “(q)”’ should be labeled “(6)”; “(6)”? should be labeled “(a)”; “(d)”’ should - 
be labeled “(e)?: and “(e)” should be labeled “‘(d).” 
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- SEALING THE LAGOON LINING AT TREASURE 


ISLAND WITH SALT 


Discussion 


By CHARLES H. LEE, M. Am. Soc. C. E. 


Cuartes H. Luz, M. Am. Soc. C. E. (by letter) .12*—Although he had 
hoped that the experience described in his paper would be more widely dis- 
cussed, the writer is appreciative of the high quality of the three contributions 
submitted. 

Professor Bodman draws from his extensive experimental work with agri- 
cultural soils in Western United States to develop the physicochemical back- 
ground of the sealing action of salt. Of special interest to engineers is his 
statement of the relative adaptability to salt treatment of soils with similar 
mechanical analysis but with greatly differing clay constituents. He shows 
that highly siliceous clays of the montmorillonitic or bentonitic type can be 
rendered impervious much more readily than those of the kaolinitic type, which 
contains much greater percentages of iron and aluminum. ‘The clay used in 
the lining of the Lagoon at Treasure Island was of the siliceous type. 

In passing, it is to be noted that this chemical classification of clays refers 
to the clay particles that act as negatively charged cores or anions, whereas the 
writer’s classification as “calcium” or “sodium” clay was with reference to the 
surrounding and much smaller positively charged cations. Both classifications 
are required for a complete chemical discription of a clay. 

With reference to the permanence of a reservoir lining rendered impermeable 
with salt, Professor Bodman states that occasional replenishment of sodium 
ions might be necessary to maintain impermeability, not alone with respect to 
highly calcareous or saline waters, but even for water of low mineral content. 
Water used to fill and replenish the Lagoon throughout the life of the Exposi- 
tion was obtained from the San Francisco Water Department. Typical analy- 
ses of this water at various times of the year indicate a water of low mineral 
content, with calcium predominant (see Table 14). 

Norsz.—This paper by Charles H. Lee, M. Am. Soc. C. E., was published in February, 1940, Pro- 


ceedings. Discussion on this paper has appeared in Proceedings, as follows: June, 1940, by Messrs. G. B. 
Bodman, and John D. Watson; and October, 1940, by John W. Pritchett, Assoc. M. Am. Soc. C. 


12 Cons. Hydr. Engr., San Francisco, Calif. 
We Received by the Secretary November 6, 1940. 
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- ‘During twenty-one months of service, 


the Lagoon shows 


‘lose its initial seal. It is unfortunate that the Lagoon must be destroyed be- ; 
~ cause longer service would have furnished valuable information on this point. — 


TABLE 14—MineraL ANALYSES, SAN FRANCISCO Water DEPARTMENT 
a (Parts per Million)? 


—= 

Date (1937) Solidse | Si “Na Ca Mg Fe Al |HCOs| COs] SO. cl 
rat A 2.9 9.4 4.2) 0.3 0.25 56.0 0 7.2 0 
oe rfl 0 7.0 13.1 5.3 | 0.19 | 0.49 61.0 0 pb Bs 9.0 
0 7.6 | 0.1 0.26 90.0 0 15.6 11.0 


Pre 


@Qolids = dissolved solids; Si = silica and insoluble matter; Na = sodium Gneluding potassium, 5K); 
and Fe = iron (dissolved); other columns are as shown. > Sample from the surface of Crystal Springs 
Reservoir. ©° Sample from the water line at Millbrae, Calif. 


Mr. Pritchett’s contribution to the discussion is of especial interest as it 


illustrates, strikingly, two points of great importance in the use of salt as a — 


sealing agency. To begin with, the predominating soils in the region where 
Mr. Pritchett is working-are of the red and yellow podsol type composed of 
lateritic material with a “‘silica sesquioxide ratio” of approximately 2. Clays 
associated with this type of soil are of the kaolinitic type. Extensive areas of 


2 
‘to. 


a me 


this soil occur in eastern Texas, western Louisiana, southern Mississippi and — 


Alabama, and central Georgia where it has been termed the Norfork-Ruston 
soil series by the Bureau of Soils, U. 8. Department of Agriculture.“ Color 
description of clay test samples listed in Table 12 show a predominance of reds 
and yellows, and it is probable that tests were all made on clays of this type. 
As stated by the writer, and also by Professor Bodman, sodium treatment has 
little effect upon the physical properties of such clays. This is probably the 
explanation for the failure of the salt admixture to produce a degree of dis- 
integration in clay balls when submerged in water, differing from that of balls 
mixed with fresh water. 

The other point involves the proposed storage of salt water in reservoirs 
sealed with salt-treated clay. The writer’s experience at Treasure Island was 


that less than 50% of the final sealing effect was obtained by use of salt water | 


alone, the fresh water being necessary to leach out excess sodium before the 
full effect of salt treatment was obtained. Laboratory tests also show the 
necessity of fresh-water leaching following salt application before permeability 
is effectively reduced. Professor Bodman states that “Long-time storage of 
high-lime water, or of highly saline water, would not prove successful.” Even 
if a satisfactory clay were found in local deposits of alluvial materials along the 
Neches River, it is doubtful whether salt treatment would solve the problem 
of storage of such highly saline waters as are encountered in the east Texas oil 
field. Compaction or some method of soil stabilization would seem to be the 
only answer in this region. 

In opening his discussion, Professor Watson states that ‘* * * if the clay 
had been properly applied, the salt would not have been needed.” ‘The writer 
is in entire accord with this statement, assuming that “properly applied” refers 


3 'Soils and Men,” Yearbook of Agriculture, U. 8. Dept. of Agri., 1938, p. 1069 and inset map 


WS) nf a : ic 
sy et -" 


: ad " , r, Noe 
‘ iP urh es 

LEE ON TREASURE 
¥ § 


Ree 
ISLAND 


ik aeagae Men j Ae cont we 
_moisture control and method of rolling. Acceptance of the clay by the 
_ writer was predicated upon placing with uniform moisture at optimum moisture Me 
_ content and rolling with a sheepsfoot roller. Neither requirement was fol- 
lowed in actual construction, however, for reasons beyond the writer’s control. 
it is the writer’s opinion that a sheepsfoot roller could have been used satis- 
_ factorily to compact the clay layer, without breaking through into the sand, 
either by increasing the thickness of the first clay layer or by stabilizing the 
sand subgrade by sprinkling it with water before spreading the clay. As for — 
moisture control, its use is now almost universal in this type of construction, 
and methods for its accomplishment are a matter of routine. The salt treat-’ 
_ ment was prescribed only after the completion of the work, when a test of the 
{ poorly compacted clay membrane disclosed its leaky condition. 
‘The writer does not agree fully with Professor Watson’s statement that it was 
an error to buy a soil on the basis of particle size. Although the specifications, 
as prepared by the Construction Division of the State Department of Works, 
_ might well have provided for a permeability test, such test would have been 
_ subject to the same limitation as was the mechanical analysis—namely, the 
failure of the clay material, as actually placed, to conform in density with the 
- laboratory test samples at ideal density. The writer has directed permeability 
tests for many years, using Darcy’s law, and has found wide differences in the 
same material with differing degrees of density. 
- With regard to Mr. Hazen’s precautionary statement, referred to by Pro- 
- fessor Watson, careful reading of the original discussion shows that he had in 
* mind the indiscriminate use of mechanical analysis in conjunction with the 
Hazen formulas for flow of water through filter sands and other clean granular 
materials of uniform grain size. He states that these formulas and their con- 
stants were developed for a special type of filter sand and do not apply to the 
general run of natural earth materials used in engineering construction. 
In another paper Mr. Hazen states,” 


“Tt is to be noted that the formula was never intended to apply to 
clays, hardpans, soils, and other materials. The effort to apply it to such 
materials is not to be encouraged, and the results are not to be depended 


on.” 


It was not the mechanical analyses, as such, that he warned against, but the 
- indiscriminate use of his formulas which, as a preliminary step, involved me- 
chanical analysis. 
In discussing these matters with Mr. Hazen many years ago, in connection 
with the computation of underflow through the narrows of an alluvial-filled 
river valley, the writer also recalls that he advised against the application of 
his formula to natural alluvial materials but did not advise against mechanical 
analysis as it might throw light upon permeability as affected by distribution of 
particle sizes. In fact, a very important element in the Hazen formula is the 
constant ‘‘c’”’ which has wide variation, depending largely upon the variations in 
proportions of large and small particles as expressed by the uniformity coeffi- 
cient obtained from the results of mechanical analysis. ; 


4 Transactions, Am. Soc. C. E., Vol. LXXIII, September, 1911, p. 201. 
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It has been the writer’s experience that those natural earth materials whose 
distribution of particle sizes conforms closest to the general grading equation 


(in which n lies between 0.25 and 0.40) are the most impermeable, and that 
material substantially following this equation with a degree of fineness suffi- 
cient to include at least 3% of clay, or poorly graded material containing at fF 
least 25% of clay, when thoroughly compacted, is practically, if not fully, water- — . 
tight.!5 Mechanical analyses of samples submitted by the contractor indicated — 
that the selected clay fulfilled requirements of the grading formula, Eq. 1, and 
personal handling of the clay by the writer gave added confidence as to its im- 
permeability if properly compacted. | 7 

The writer’s statement of conditions during the two months’ period between ; 
the completion of the placing of the clay membrane and the first flooding is _ 
probably incomplete, as Professor Watson states that the clay ‘was subjected _ 
to two months of severe drying, and * * * the entire layer was fissured with 
shrinkage cracks.” As a matter of fact, the entire surface of the clay was 
sprinkled once each day throughout the two-month period. The rate of evap- 
oration, augmented by afternoon trade winds, was so great, however, that the 
surface dried out before the day was over and thus gave opportunity for erack- | 
ing. Serious cracking was limited to the top layer, cracking in the bottom 
layer being superficial. The writer does not agree with the statement that 
the ‘* * * slaking accounts fully for the high rate of seepage and for the com- 
plete softening of the clay layer.” It certainly was a contributing factor, 
but the basic cause was inadequate compaction. The daily sprinkling would | 
probably have been adequate if the material had been compacted to the density 
possible at optimum moisture content. It had been planned to flood the clay | 
layer immediately after completion, but unforeseen delay in the execution of 
another lagoon contract made this impossible. 

With regard to the relative rate of downward progress in softening of the 
clay with fresh and with salt water, tests were made during the first six days of 
submergence by salt water, and softening did not occur to the same depth as 
with fresh water. In fact, the depth of softening at the sixth day was 2 in., 
or less, and was not materially greater at sixty-five days. The rate of compac- 
tion under a seepage pressure amounting to 1 lb per sq in., as computed by 
Professor Watson, is so slow that many years would have been required to 
harden the clay, rather than a few weeks, as he suggests. Under certain con- 
ditions, sealing of leaky reservoir bottoms by seepage pressure, by accumulation 
of a skin layer of fines, or by other means, has been experienced by the writer. 
Such sealing, if it occurs, requires a period of years for its consummation, 
whereas expositions come and go within a period of months. 


, Application of 
effective salt treatment requires only a few weeks. 


In practical engineering the 
15 ‘‘Selecti D i -Fill E ” F 
B. Wel ee roa ee for Rolled-Fill Earth Dams,’’ by Charles H. Lee, Transactions, Am. Soc. C, 
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NORRIS DAM CONSTRUCTION CABLEWAYS 


Discussion 


By R. T. COLBURN, M. Am. Soc. C. E., AND L. A. SCHMIDT, JR., 
Assoc. M. Am. Soc. C. E. 


R. T. Corsurn,!* M.-Am. Soc. C. E., anp L. A. Scorn, Jn.,“ Assoc. M. 
Am. Soc. C. E. (by letter).“*—This will refer to the discussion by Mr. Foster, | 
in which he gives the power requirements for moving the cableway towers of ] 
Conchas Dam. Since one of the cableways at Norris Dam was erected, and — 
has poured all of the concrete at Hiwassee Dam subsequent to its dismantling : 
at Norris Dam, the writers have been able to check their measurements on the _ 
pulls against the traversing anchorages at the latter project. Fig. 17 shows 
the recorded pulls on the anchorage for periods when the towers stood at rest, 
when they were starting, and when they were moving. 

No clearly defined points were determined to differentiate between the head 
tower and the tail tower; nor was there any consistency in the results obtained 
for immediate movement or after long periods of rest, and therefore the total 
number of readings taken for each position hasbeen plotted and the ranges of 
pulls are indicated between the outside limits of the readings taken. Fig. 17 
indicates that, similarly to Norris Dam, pulls of approximately 70,000 lb may 
be expected. 

As to the horsepower requirements, several readings of the voltage and 
current during starting and running indicate that approximately 100 hp was~ 
required to start the head and tail towers, and that approximately 60 hp was 
consumed when the tower was moving. 

The life of the 3-in. locked-coil track cable used at Norris and Hiwassee dams 
far exceeded the expectations of TVA engineers. A total of 427,090 cu yd of 
concrete was traversed over this cable at Norris Dam, and approximately 
795,000 cu yd were hauled at Hiwassee Dam. Besides this, 33,272 tons of other 


Norn.—This paper by R. T. Colburn, M. Am. Soe. C. E., and L. A. Schmidt, Jr., Assoc. M. Am. 
Soc. C. E., was published in December, 1939, Proceedings. Discussion on this paper has appeared in 
Econ ae Sees Maret ey ui . Gite Esq.; April, 1940, by Gordon H. Bannerman, M. Am. 

oc. C. E.; June, , by Messrs. Walter F. Weber and Blair Birdsall, and G. E. Cate; N 
1940, by Adolph J. Ackerman, M. Am. Soe. C. E. pave 


13 Constr. Plant Engr., TVA, Knoxville, Tenn. 
“4 Designing Engr., Constr. Plant, TVA, Knoxville, Tenn. 
Ma Received by the Secretary October 18, 1940. 
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aintenance, consisting of greasing and periodically turning iis cable, 
Ss } large factor contributing to the longevity of this excellently built cable. 
tN design ie the carriage for even distribution of wheel loads to reduce 
nding stresses in the cable is also believed to have contributed to the lasti 

qualities of the cable. aie eg" x 


original paper by giving data on a number of older, and one of the more recent 
installations—namely, Shasta Dam. It is gratifying to know that advantage 
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Fic. 17.—RxrcorpED PULLS ON TRAVERSING ANCHORAGE, HIWASSEE CaBLEWAY 


was taken of the results of the tests at Norris Dam in the design of this cable- 
way installation. The discussion by Mr. Cate provided a very complete 
analysis and derivation of the formulas used by the writers. The additional 
comments in the discussion given by Messrs. Bannerman, Weber, and Birdsall 
were a valuable addition. 
Acknowledgments.—In closing this discussion the writers wish to make the 
following acknowledgments:. Tests were conducted by Douglas McHenry, TVA, 
at Norris Dam and Hiwassee Dam, who also made all the calibration tests on 
the tension indicator discussed under “Tests,” and provided the discussion of 
the use of this instrument in this text. T.S. Whitehouse, construction plant 
electrical engineer, provided the discussion of the electrical features; and P. H. 
Kline, construction plant operations engineer, furnished operating data. 
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The discussion by Mr. Ackerman has added greatly to the scope of the : 
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CHICAGO RIVER CONTROL WORKS 


Discussion 


By H. P. RAMEY, M. Am. Soc. C. E. 


Hi. P. Ramey,’ M. Am. Soc. C. E. (by letter).!7*7—The writer wishes to 
express his appreciation to those who have discussed this paper and have 
thereby called attention to certain items which were perhaps inadequately 
described. 

Mr. Niederhoff has called attention to the fact that the Government 
breakwater and North Pier, forming enclosure walls of the Chicago River 
Control Works project, were not impervious, watertight structures. The 
rock-filled timber cribs forming these structures offered so little resistance to 
the flow of water from the lake to the river that it was impossible, except 
under conditions of heavy flow, to maintain water levels in the river appre- 
ciably lower than in the lake. During the summer of 1939 a careful survey 
was made of the Government breakwater and North Pier to determine the 
extent of work necessary to render these structures watertight, and on August 
15, 1940, a contract was awarded for such work. The contract provides for 
driving a row of steel sheet piling 10 ft from, and parallel to, the landward 
face of the cribwork; tying the sheet piling to the concrete cap over the cribs, 
with steel tie rods at proper intervals; filling the 10-ft space between cribs and 
sheet piling with clay (from Chicago subway excavation); and protecting the 
row of steel sheet piling with stone fill (on the landward side) to the top of the 
piling. This work was completed in November, 1940, and added $127,000 to 

the $2,704,000 cost mentioned in the paper. 

Messrs. Niederhoff and DeYoung have both mentioned the spalling of con- 
crete, from impact by boats, and both have made excellent suggestions. Armor, 
wales, and fenders were considered, but all were ruled out at the time because 
of cost. It is the conviction of the writer that armor and either wales or 
fenders will be installed ultimately. The plans were reviewed by a PWA 
Review Board, interested in keeping costs within an allocated sum. The 


“e 


Nore.—This paper by H. P. Ramey, M. Am. Soc. C. E., was published in January, 1940, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: June, 1940, by Messrs. A. E. Niederhoff, 
R. P. V. Marquardsen, Isaac DeYoung, John W. Woermann, Edward Soucek, W. C. Weeks, and Henry R. 
King. 

17 Asst. Chf. Engr., San. Dist. of Chicago, Chicago, Lil... 
17a Received by the Secretary October 25, 1940. 
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concrete is of good quality. In many places where concrete has spalled, the | 
particles of coarse aggregate (granite gravel) have split as readily as the re- 
mainder of the concrete. There has been no crumbling. The placing of this 


concrete was inspected by the Sanitary District, the PWA, and representatives _ 
of the Army engineers. 4 
Mr. Marquardsen, who was one of the principal structural designers on this 
project, has contributed a valuable discussion of many of the details of the 
work. His discussion of the operating machinery has probably answered a } 
question suggested by Mr. Niederhoff. | 
Mr. DeYoung has suggested that a monolithic concrete floor would have been | 
better than the loose slab floor, particularly if the lock should be unwatered. _ 


The writer agrees with this view. Mr. Leffler, who designed the lock, favored _ ¥ 


such a concrete floor, placed “‘in the dry,’ to assure accurate construction and | 
“to prove the stability of the lock walls. ; 

Mr. DeYoung prefers gravel fill for the cells because of its compactness and 
quick settlement. His suggestion of timber piles within the cells, to provide © 
shear, is very good. Mr. Woermann obviously prefers stone fill, an honest — 
difference of opinion. Mr. Woermann has reviewed some of the considerations © 
given to various types of lock gates, which ultimately led to the adoption of the 
triangular-shaped sector gates. The distribution of water currents shown in 
the tests of the model of this Swedish installation checked conclusions reached 
by the engineers of the Sanitary District. 

Mr. Soucek’s discussion of the hydraulic formulas is interesting and con- 


se 


structive. His simplified formulas will give results sufficiently accurate for 


any practical purpose. He points out that the adoption of the Francis formula 
for the ‘“‘weir” term may not be correct since the element of crest contraction 
is entirely lacking. Apparently he is of the opinion that the product of the 
weir coefficient 0.62 and the over-all coefficient 0.95 conforms closely to that 
obtained in tests. The coefficient 0.95 as used in the formula, however, was 
introduced to take care of side contractions. Probably more in line with what 
Mr. Soucek had in mind is the derivation of the formula as presented in Mr. 
King’s discussion in Eq. 17. Incidentally, Mr. King is entitled to much of the 
credit for deriving and checking the formulas for discharge to and from the 
lock. No allowance was made for flow under the gates when they are in a 
partly opened position. The head differential is so small by the time the gates 
have opened sufficiently wide to clear the bottom sill substantially that the 
flow beneath the gate is practically negligible as compared to the flow through 
the three main orifices. 

Mr. King mentioned the accumulation of ice and floating debris carried 
into the gate recess, between the straight face of the gate leaf and the curved 
face of the recess. One plan suggested to avoid this difficulty is to attach 
falsework to the front of the gate leaf in the shape of a circular are fixed hori- 
zontally, with its center at the gate hinge, and extending vertically down to 
about 4 ft below the water line, or below the line of floating ice. This would 
obstruct the upper parts of the side orifices and slightly lengthen the time of 
filling and emptying the lock. No conclusion has been reached on this matter 


i fara mena Great ales states, has contributed a summary ¢ of ce 
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asd extremely gratifying to the writer to have been able to present. a papel 
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THE PRACTICE OF STATE HIGHWAY DEPART- 
MENTS IN THE DESIGN OF ABUTMENTS 


PROGRESS REPORT OF A SPECIAL SUBCOMMITTEE OF 
THE COMMITTEE OF THE STRUCTURAL DIVISION 
ON MASONRY AND REINFORCED CONCRETE 


[Discussion] 


By Messrs. LESLIE R. SCHUREMAN, AND H. G. OVERHOLT 


Lestrz R. Scuureman,’ Assoc. M. Am. Soc. C. E. (by letter).**—The 
writer has studied the Committee’s Report and the appended questionnaire 
with great interest. That there is, and has long been, a genuine need for the 
clarification of many of the issues involved in the design and construction of 
highway bridge abutments is evidenced in the considerable differences in 
practice uncovered by the questionnaires. It is to be hoped that a thorough 
analysis and discussion of the data presented in this Report will help materially 
in removing much of the guesswork now existent in this phase of bridge design. 

With regard to the loads that may act upon the abutment, the writer 
would suggest that it is not always safe to neglect entirely the horizontal 
forces arising from thermal expansion and contraction of the superstructure. 
Although this force is not mentioned in the Report, it may achieve major 
importance in the case of high abutments combined with high friction super- 
structure bearings. Obviously the force will be of low magnitude if the 
bearings have been well designed, but unfortunately this has not always been 
done. The writer feels that at least some of the abutment troubles encoun- 
tered in past years can be attributed, either partly or wholly, to superstructure 
bearings which had high friction initially or which developed high friction 
with age. 

With regard to types, it is interesting to note that the trend is away from 
the gravity section for concrete abutments. This trend would seem to support 
the writer’s opinion that this type, a carry-over from the stone masonry wall, 
can seldom be justified economically in view of the inherent economy of steel 


Norn.—This Report was published in June, 1940, Proceedings. Discussion _on this Re 

/ , 1940, ; : ort has ap- 
peared in Proceedings, as follows: September, 1940, by J. Wayne Courter, A N “i . 
October, 1940, by Messrs. E. W. Wendell, and Stanley Levitt. A ee 


5 Asst. Prof. of Civ. Eng., School of Eng., Princeton Univ., Princeton, N. J. 
5a Received by the Secretary October 23, 1940. 
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i and concrete in combination. To the discussion regarding the spill-through 
7 type of abutment, the writer would add only that, strictly from the viewpoint 
: of hydraulic efficiency, it is far superior to the closed type. 
: a, The Report indicates that considerable attention is being given to founda- 
~ tion exploration and increasing attention to soil analysis. The importance of 
a dependable picture of subsurface conditions unquestionably demands a 
A thorough investigation and analysis of the foundation upon which the abutment 
- is to rest. In this connection, the writer has found wash borings to be so - 
_ misleading in some cases as to be worse than no borings at all, and certainly 
- of much less value than the sounding rod. At the present time, there is a real 
. need for a reliable means, within the reach of the average bridge engineer, of 
relating the results of subsurface exploration to reasonably true load-carrying 
capacity. In view of the fact that such a means is essential to the efficient 
- design of abutments, a direct effort in this direction by those engaged in soils 
study is clearly indicated. 
In initiating and carrying forward a detailed study and discussion of this 
subject, the Committee is rendering a valuable service to a substantial part 
of the membership and is certainly to be highly commended for it. 


H. G. Overxott,® M. Am. Soc. C. E. (by letter).°*—It is gratifying to note 
that the Report of Professor MacLean’s Committee is submitted as a Progress 
- Report. Further work and reports in continuation of the subject will be 
- welcomed by the profession. 
i Soil Mechanics——Soil mechanics is certainly the great blind spot in the 
special field of substructure design. Nature provides the true or ultimate 
foundation for all of man’s structures, and the filling materials are raw, natural 
products. Thorough study of these component parts of the complete edifice 
is just as necessary as is control of the processed material entering into the 
structure. To date, this new science has produced little of direct quantitative 
nature. A personal impression is that soils engineers should lead the way to 
formulation of practical means of application of their analytical and field data. 

Papers and studies coming to hand so far have revealed startling facts on 
pressure distribution and kindred features but have made no approach to design 
methods for the usual types of structures. The impression given is that settle- 
ments may be predicted, but only after an elaborate study of formations to a 
considerable depth. Means of estimating normal (lateral) pressures and par- 
allel (shearing) forces on the planes set up for design purposes would be of 
much greater value, and it would seem that workers in the field of soil mechanics 
could produce more along this line than has been done. 

The preliminary draft of the newly revised American Association of State 
Highway Officials (AASHO) Code sets extremely broad limits for bearing power 
of soils and establishes a minimum design lateral pressure of 30 lb of equivalent 
liquid. New and valuable rulings show progress over the current (1935) edi- 
tion; nevertheless, the code, as revised, remains conservative, and advisediy 80. 
That it has been thought well in our national codes to maintain a goodly margin 


6 Associate Bridge Engr., State Highway Dept., St. Paul, Minn. 
6a Received by the Secretary October 28, 1940. 
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for soil mechanics work. 


Buried Abutments—The point was not brought out in the Report that the 


“openings” in such abutments are the net spaces between the footings of the 
columns or legs, rather than the spaces between the legs themselves. For de- 


sign purposes, all filling material over a footing is treated as if it were, say, — 


100-lb concrete, placed with the-structure. This fact points directly to Mr. 
Wendell’s practice of using this type only on strata where the footings can be 
made relatively small in area. Plans have been seen in which the spaces be- 
tween footings were one half or less of the height of the openings, and in two 
cases the footing was continuous over the entire length. 

It is believed that the extent of “drag” is not commonly realized. Grain- 
elevator design is illuminating on this point: A wood crib elevator may be 
compressed in its height by 2 ft and more on the first drawdown of the grain. 
In Minnesota there has been more damage from the drag of subsiding fills than 
from lateral pressures. 

Piling through High Fills —Mr. Martin of Kansas comments on an anomaly 
that has caused some confusion and indecision. In the current, highly com- 
pacted fills, wood piling cannot be driven to any depth. Piles, driven with 
much difficulty, end within the new fill or penetrate below it only a few feet. 
What, then, has been gained by the attempt to drive long piles? Would it not 
be wiser to drive piles of 20-ft or 25-ft lengths, rather than pound away on 
longer piles, since subsidence of the fill will carry the abutment down with it 
in either case? 

The alternative, mentioned by Mr. Martin, of using long steel piles has 
been used in those cases where hard formations can be reached with a reason- 
able length of pile. In other cases, where substantial refusal cannot be ob- 
tained, it probably would be better to use wood piles of nominal length and to 
give more attention to trenching and rolling the subsoil. 

Questions for Further Study Of the six questions proposed, the writer feels 
that the sixth one, dealing with buoyancy, is satisfactorily resolved by the pro- 
posed code revision to allow for the full buoyancy effect in all cases. 

Question 3, dealing with batter piles, should be broadened to include the 
development of methods of complete analysis for the numerous cases in which 
circumstances do not warrant the common assumption that all lateral force is 
unloaded to the ground or-fill at the elevation of top of piles. The method 
proposed by C. P. Vetter,” M. Am. Soc. C. E., has been found to be quite simple 
in application, if the piles are treated as hinged structural members, with their 
bending resistance ignored and with no account taken of lateral earth pressure 
against them. 

Question 4, dealing with pile-driving formulas, might well be extended in 
scope to include pile-driving procedure and interpretation of penetration records. 
Means of detecting and avoiding damage to both wood and steel piles under 
hard driving is also worthy of investigation. 


7‘'Design of Pile Foundations,” by C. P. Vetter, Transactions, Am. Soc. C. E., Vol. 104 (1939), p. 758- 


cernible © 


———_-- IS 
ee 


aes AY, Pub eade S Pasay echo at =e) a ty a : re atk te 4 
AMERICAN SOGIETLY “OF. (CLVIL ENGINEERS mes 
vr es Founded November 5, 1852 . tC : oe 
: DISCUSSIONS | i 
La ae ee. “at 
MASONRY DAMS. op 
A SYMPOSIUM 4 
Discussion s 


a Pee eg eS 


~~ 


oe 


~ 


By HoMER M. HabLey, Assoc. M. AM. Soc. C. E. 


Homer M. Hapusy," Assoc. M. Am. Soc. C. E. (by letter) .!¢—The 
papers of this Symposium constitute an admirable presentation of both theory 
of design and construction practice which have obtained during the greatest 
dam building period in history. Unprecedented in height, great size, and 
number of large structures, the dams of this time have received the most 
careful, thorough, and painstaking engineering thought and attention—to 
which fact they will give witness for centuries and millenniums to come. 

For satisfactory performance the concrete (Mr. Tyler states) must possess 
strength, weight, durability, impermeability and “continuity [that is, freedom 
from cracks] in order that the structure may act according to assumptions of 
design.” The other authors either directly or implicitly indorse this judgment 
which unquestionably is the widely held and practically unanimous opinion 
among engineers today. Nevertheless it would appear that continuity might 
well be accepted as satisfactory even if it were of relative rather than of absolute 
degree and that impermeability of structure might be obtained, advantageously 
and economically, in numerous cases by means other than those of present 
practice. 

The enemy of continuity in concrete is the crack which generally has its 
origin in thermal and moisture-content changes. Because of internal shrinkage, 
that which was whole and continuous becomes divided into separate parts by 
fissions or cracks. The structural consequences of such cracking may be 
serious or not, depending upon the width of the crack, the shape, form and 
direction of the surfaces of cleavage, and upon the physical structure, aggregate 
particle size, and characteristics of the concrete itself. A crack, 7g in. wide, 

Norz.—This Symposium was published in May, 1940, Proceedings. Discussion on this Symposium 
has appeared in Proceedings, as follows: September, 1940, by Messrs. William P. Creager, J. R. Shank, 
George R. Rich, Robert A. Sutherland, Ross M. Riegel, Paul Baumann, W. A. Perkins, L. J. Mensch, and 


Lewis H. Tuthill; October, 1940, by Messrs. F. A. Nickell, Leslie W. Stocker, Barton M. Jones, P. E. 
Gisiger, Joseph A. Kitts, S. O. Harper, and R. F, Blanks; and November, 1940, by Messrs. Berlen C. Money- 


maker, A. Warren Simonds, and W. J. E. Binnie. 
11 Regional Structural Engr., Portland Cement Assoc., Seattle, Wash. 


11a Received by the Secretary November 2, 1940. 
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developing on what approximates a geometrical plane surface in a mortar | 
having 4-in. maximum-size aggregate would produce vastly different effects — 
on stress distribution than would the same j-in. crack developing with warped 
irregular surfaces in & concrete made with 6-in. or 8-in. maximum-size aggregate. — 
In the first case‘there would be practically complete loss of shearing strength 
in the plane of the crack, a complete loss of tensile strength perpendicular to 
the crack and, until the crack closed again, a complete loss of compressive 
strength. In the second case there would be only a slight loss of shearing 
strength, and even perpendicular to the crack at any point, due to aggregate 
interlock, a certain amount of tensile and compressive strength would persist. 
Let it be emphasized here that cracks in mass concrete do not form plane 
surfaces; they bend and twist to form warped and highly irregular surfaces 
which themselves interlock independently and additionally to the aggregate 
interlock. If, then, with normal dam concrete, cracks are not so closely spaced 
as to destroy columnar action in the sections between them, it is difficult to see 
anything particularly grievous structurally to result from them. It is to be 
recognized, of course, that there are cracks and cracks, some of which may 
truly be of a serious nature; but there are also others which are so utterly trivial 
and insignificant as to warrant little or no “dither” about them or the incurring 
of expense to prevent their formation. 

There is the possibility, of course, that cracks in dams may become filled 
with water under pressure. In the case of cracks perpendicular to the axis it 
is generally agreed that no harm would result if such a thing did happen, but 
water under high pressure in cracks parallel to the axis would produce lateral 
thrusts tending to disrupt the mass by splitting off successive lamin from the 
downstream face. Although such action may be assumed, of course, a much 
more cheerful and probable assumption to make is that nothing of the kind 
will occur. Cracks parallel to the axis of the dam are intersected at regular 
intervals by cracks perpendicular to the axis, which latter vent to the atmos- 
phere at the downstream face of the dam. Consequently when and if pressures 
do tend to build up they relieve themselves via the perpendicular cracks. A 
wide field of assumptions can be made regarding the extent, direction, and 
pattern of cracks that may develop. However, certain things are inherently 
more probable than others. Because the length of a dam is almost certainly 
greater than its thickness, cracks transverse to its axis are inherently more 
probable than cracks parallel to the axis despite the fact that escape of heat and 
moisture from the mass is outward from the surfaces and therefore transverse 
to the axis. Therefore, to assume cracks parallel to the axis without the simul- 
taneous existence of cracks perpendicular to the axis is to assume a possibility, 
yet scarcely a probability. 

That water pressures in cracks, if they do tend to develop, find relief without 
causing damage, and that this is not mere wishful thinking, is attested by 
definite evidence. Prior to the present dispensation of crackless concrete, 
numerous dams were built which incorporated the errors now painstakingly 
avoided. It is true that these older dams are not of the magnitude of those of 
the present day, but they are fair-sized scale models of present dams. Being 
built with high-heat cement, in large masses, with uncooled mixing water and 
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aed at ens Haare and without the careful foundation treat- 
, they deve oped cracks perpendicular to their axes and 
likewise parallel to their axes. Opportunities for water under high pressure to 
penetrate these cracks have been quite as favorable as any to be found today. 
Despite these opportunities for trouble and disaster (if such indeed they are) 
not one of them that the writer has ever seen or read about has suffered in me 
Sequence. These old dams present many a warning against watery, sloppy 
concrete, against segregation, against careless construction joints, against con- 
_ crete So porous or weak that it is unable to withstand weathering or ordinary 
abrasion. Nevertheless, as far as offering any evidence corroborating fears 
about harmful high water pressures developing in ordinary shrinkage cracks, 
that is the thing they signally fail to do. 

In many places freezing occurs, and then the question of possible damage 
from the freezing of water in cracks atises. The writer has seen a considerable 
- amount of frost damage in porous concrete. This has been characterized by 

general surface scaling with increased disruption at horizontal construction 
joints with their laitance. On the other hand, where the concrete has itself 
been of a quality to be classed as frost resistant, he does not recall having seen 
damage at cracks. A very excellent example of such contrasting behavior was 
seen several years ago in a box flume on the Owens Valley aqueduct of the City 
of Los Angeles, Calif. This elevated box flume was a reinforced structure built 
- with standard portland cement. The approach conduit sections were built 
- with the tufa cement (puzzolanic) generally used throughout the aqueduct." 
In about twenty years of occasional freezing and thawing, leaking cracks in the 
sides of the approach sections had spalled considerably around the edges of the 
cracks and over adjoining surfaces, whereas leaks in the box-flume structure 
along the construction joint between the bottom slab and the side walls had 
spalled not at all. This is not an analogous case, of course, to the freezing of 
water in cracks parallel to the axis of a dam; but instances of damage from such 

a cause are, to say the least, not of common record. 

The writer never saw St. Francis Dam either before or after the catastrophe, 
the cracks in which are frequently referred to; but he has a vivid recollection 
of being shown certain hard fragments of foundation material taken from the 
very place in the stream bed upon which only a few days before the St. Francis 
Dam had stood. The behavior of the fragments of this “bedrock” was this: 
Dropped into a glass of water, they emitted some tiny bubbles and quickly 
softened, lost their shape, and flattened into a thin layer of mud in the bottom 

of the glass! If such was the behavior of these fragments pried from the St. 
Francis ‘“‘bedrock’’ it seems quite possible that water stored behind the dam 
might, slowly, have worked its way through softened material beneath the 
rudimentary cutoff wall and beneath the dam and at last have piped throughk— 
first a trickle, then a jet, then a bursting stream, and finally a wild uncontrol- 
lable torrential flood that tore out the dam and swept headlong to thesea. The 
fact that longitudinal cracks were found in that block of the dam remaining in 
place after the disaster may indicate what was the primary cause of the failure 


d Used on the Los Angeles Aqueduct,” by J. B. Lippincott, 
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or what was a lesser cause. Foundation conditions being such as they were, 
however, it scarcely seems necessary to seek other causes. At least it is to be 


said that the block of the dam which remained in place remained despite the _ r 


longitudinal cracks in it. Whatever the initial cause, it would be well if Mr. 
Crosby’s description of the failure of St. Francis Dam were widely read (see 
heading ‘Dams on Sandstone and Conglomerate’). 
The inspection gallery that parallels the upstream face of Pardee Dam is 
approached by a gallery extending through the dam from the downstream face. 


Athwart this approach gallery is a series of longitudinal cracks paralleling the 


axis of the dam. ‘These are of varying inclination and change from parallelism 
to the downstream face near that face to practically a vertical direction near 
the upstream face. Ona number of occasions the writer had heard these re- 
ferred to in rather sober, serious tones. It was somewhat surprising, then, on 
visiting the dam and being shown these éracks, that considerable difficulty was 
experienced in locating them. The approximate position of the first crack was 
known to the guide but it seemed impossible to find it in the darkness with a 
flashlight. Finally, however, a blue keel mark was found on the wall and 
beside it a fine crack, possibly M44 in. wide, which in a quite irregular course 
encircled the gallery. A repetition of this process of search and discovery at 
30-ft or 40-ft intervals located the entire family of cracks, all of which, as now 
remembered, were dry. Although their varying directions were of interest, 
the writer was at a loss to understand what there was about them to give them 
a rating higher than insignificant. If the rock abutments and foundations 
supporting the dam contained cracks and fissures no wider or more closely 
spaced than these cracks they would be acclaimed as of outstanding excellence 
even though the jointing lacked anything corresponding to aggregate interlock 
which characterizes the crack in concrete. 

This same aggregate interlock across cracks, particularly across cracks of 
smaller breadth, is not without points of distinct superiority to the smooth 
formed surfaces of keyed block jointing even though the latter is grouted. Mr. 
Steele’s comments, under ‘Slots Versus Grouted Joints Versus Open Joints,” 
indicate that grouting is not, by the fact itself, automatically successful for 
sealing joints. With aggregate interlock and without separation of parts it is 
impossible to have movement or slippage or any consequential magnitude along 
the general plane of a crack without complete shearing of the projecting aggre- 
gate, shattering of the adjoining concrete, etc. Without such concomitant 
manifestations the reported-cases of movements and offsets at cracks of neces- 
sity must be slippages on pour-planes, unkeyed vertical joints, or similarly 
formed and created separations resulting from construction processes. 

The point of the preceding discussion is in nowise to disparage standard 
practise, but definitely to advance the idea that small cracks developing in 
concrete dams are not the desperately dangerous things which so much current 
practise and discussion, either by implication or direct statement, indicate them 
to be. If it has been assumed that there will be no crack, then assuredly a 
crack does violence and affront to the assumption; but the existence of a small 
crack does not mean that stresses cannot and will not be transmitted across it. 
Neither does it mean, from the recorded behavior of dams containing cracks, 


far as the writer is aware, that seriously harmful consequences will ensue 
from them. In short, their hazard appears to be more an assumed one than an 


actual one. Therefore, although cracks are, in general, to be minimized and | | 


Beincy mm if small ones do occur they can be contemplated with equanimity. 
4 They may impair the “structural integrity” of the dam slightly but the actual 
- damage and harm they cause is very slight indeed. 

4 Present practise in the construction of gravity dams is to provide durability, 
 impermeability, and continuity throughout the entire body of the dam—that is, 


the same high quality of concrete is used in all parts, block construction with its | 


_ forms and keyways and water-stopping and grouting are used, lifts are made 
P shallow with time intervals for heat radiation and with careful cleaning of sur- 
faces, and the concrete is cooled by circulating water through embedded pipes. 
By these measures a uniform quality of concrete and a uniform high degree of 
_ durability and impermeability are provided throughout the entire structure. 
There can be no question as the the splendid results achieved by these carefully 
executed methods and processes, and to question the sufficiency either as to 
- structure or foundations of any of the great modern dams built of proved ma- 
terials is indeed to utter idle words. 

Nevertheless, as Mr. Steele observes (latter part of the section on “Joint 
Spacing”), “All of these factors affect the cost of the finished concrete * * *.” 
They do that, of and by themselves, and to the further extent that it is wholly 

- impossible with these numerous and time-consuming processes for work to pro- 
ceed at other than a corresponding rate. Any one who has had opportunity 
to observe a concrete gravity dam under construction and has followed this with 
observation of a rolled-fill earth dam under construction, cannot fail to be 
impressed by the restriction and complexity of processes of the former, by the 
ease and simplicity of the latter, and by the obvious contrasting costliness of 
the two operations. 
Consideration over a period of time leads the writer to believe that with 
_ respect to lowered cost and also in adaptability to foundations that might ap- 
pear questionable for the present standard dam there is a field of usefulness 
for what may be called a “concrete fill” dam; that is, a heavy gravity section 
constructed of lean concrete to be built from the bottom up in a single mass, 
- layer upon layer, in the same manner that rolled-fill dams are built, with im- 
permeability and durability provided at the surfaces of exposure. Essentially 
_ what is contemplated is a gravity dam which by a large increase in mass and 
cross section would permit a substantial reduction in unit cement content and 
a great simplification of construction processes. As an average case (see Fig. 
28), let it be assumed that the upstream face has a slope of 10 on 1, and the 
downstream face a slope of 1 on 1. Forms would be used on both upstream 
and downstream faces, but unless conditions of stream diversion necessitated 
otherwise there would be no joints from abutment to abutment, and the only 
restrictions to a contractor’s free operations within the main boundary limits 
would be those imposed by the construction of inspection galleries, conduits, 
and similar elements. 

For the main body of the dam a lean, damp, almost dry concrete would be 

used—0.50 to 0.60 bbl cement per cu yd supplemented with fines. This would 


iced over successive areas. - By its low cement conte 
2,000-lb to 2,500-Ib strength in a few months, wou 
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Fig. 28.—TYPicaL Cross Srection, Concrers Firt Dam 


matically generate but one half to two thirds the heat of ordinary dam concrete 
and would have a correspondingly reduced tendency to volume change from 
that cause. Its modulus of elasticity likewise would be low, and therefore such 
concrete would the better accommodate itself to slight settlements and adjust- 
ments of foundations. If subjected to abrasion and erosion for short periods it 
would be adequately resistant, but not, of course, for months or years. 

As stated, impermeability and durability would be provided at the exposed 
surfaces. For the downstream face a zone or layer of richer weather-resistant 
concrete integral with the main mass would be provided, as has been done in: 
numerous instances in the past. At the upstream face would be located the 
water-stopping for the entire dam. 


Two dams, both of which have their water-stopping (their impermeability) 7 


provided at the upstream face, have been described in the technical press.4%, 14 
One of these is the repaired Ringedal Dam in Norway; the other is a steel-faced 
rock-fill dam near Colorado Springs, Colo. Both of these structures have im- 
pervious facings which transmit water pressures but at the same time cut off 
the penetration and passage of water to the main bodies of the dams. Quite 
similarly with the ‘‘concrete-fill” dam there would be provided a reinforced fac- 
ing slab of suitably rich, impermeable concrete. This would lie directly against 


the main dam but would be separate from it, the contact surface being formed 
a a a 


113 Engineering News-Record, October 27, 1932, p. 498. 
14 Civil Engineering, January, 1939, p. 7. 
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-its own weight as a long column, anchors embedded both in the face slab 
the dam would be provided, the connection being suitably detailed to per- 
slight vertical movements between the two. The face slab would connect 


_be complemented by thorough grouting. Formed in the face of the main body 
a of the dam at the contact surface would be a complete set of channels for col- 
lecting any leakage that might develop. These channels would outlet into 


_ rigorous details of concrete control would not be necessary for the main dam. 
_ However, there would be a complete elimination of block jointing, grouting, 
_ pour-plane cleanup, cooling, and similar present processes. The fullest oppor- 
tunity for speed and freedom of operations would be afforded. 

Such a dam, possessed of a certain measure of flexibility, could well be used 
_ at sites deemed unsuitable for the standard gravity dam or arch. In its lowered 
cement content, elimination of block jointing and forming and of the other 


enumerated steps and operations, and in its reduction in the cost of placing © 


5 

4 concrete, it would effect large savings. The writer is of the opinion that, where 
- foundations are suitable, it would prove more economical, in the greater heights, 
than rolled-fill dams. 


a 


possible and asphaltic coated to munionixe friction: ‘For holding vs 
lab to the main dam and affording lateral support against buckling _ 


h a heavy cutoff wall also separate from the body of the dam, which would © 


- drainage-inspection galleries in the dam. Preparation of foundations and © 
control of concrete would conform with current practise, although the more | 
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AND STANDARD SPECIFICATIONS FOR 
~CONCRETE AND REINFORCED CONCRETE 


Discussion 


By EDWARD C. GOULD, Assoc. M. AM. Soc. C. E. 


Epwarp C. Goutp,” Assoc. M. Am. Soc. C. E. (by letter).“"—The Joint 


Committee Report has many of the characteristics of its predecessors which 


make it difficult, if not impossible, to design without some violations. Most 


-eoncrete design is for minor buildings, designed under conditions that do not 
allow long and intricate analysis. The owners want these buildings almost 


immediately after deciding to build them. The cost of the materials for an 
inefficient design is forgotten in all the hurry, and is too small an item to balance 
against a day or two of delay. 

By various methods of coefficients, constants, stiffnesses, and approxima- 
tions, an experienced engineer can, in a reasonable length of time, arrive at a 
satisfactory idea of the shape and maximum values of the shear and moment 
diagrams for a frame. By the time this man proportions the reinforcement 
and size of the members, with due regard to moment, bond, anchorage, and 
shears, and arranges the steel so that it can be placed in the forms by an iron 
worker, the owner will hire another designer who will “bat’’ out a design, and 
the building will be occupied. 

The design of columns after the determination of moments is a very difficult 
problem. If spiral columns were designed for the axial load to be carried by 
the core (which is not entirely correct), and if the covering were allowed to 


take the moment, then up to a certain value of ; the eccentricity could be 
neglected. Beyond this point, tied columns should be used, with the steel 
placed at the faces where it works to best advantage. For higher values of : ; 


moments are not carried efficiently by spirals in any case. 


Norr.—This Report was published in June, 1940, Proceedings, Part 2. Discussion on this Report 
has appeared in Proceedings, as follows: September, 1940, by L. J. Mensch, M. Am. Soe. C. E.; and Novem- 
ber, 1940, by Messrs. John C. Sprague, and Walter R. Hnot. 


Senior Architectural Engr., Bldg. Dept., City of Minneapolis, Minneapolis, Minn. 
40a Received by the Secretary October 23, 1940. 
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Another possibility is an attempt to eliminate bending in columns. This 
uld be done to a certain extent by placing all of the moment steel in the 
bottom of the beams. Instead of using heavy steel for negative moment, light 
bars or mesh can be used over the supports to spread the deflection cracks. 
of his expedient, of course, would stress the material beyond its elastic limit. 
Phis simple beam design, most certainly, should be used for the first and second 
_ floors of all general-purpose buildings such as stores and offices where alterations 
must be made frequently during the life of the building. Every one has seen 
“beautiful” cases of continuity destroyed by the installation of a stair, ramp, 
y or service elevator. 

In all cities there are old buildings that have some cracking over supports 


; and are probably now acting as simple spans. They are still good buildings 


_ with considerable carrying capacity. If these unsightly deflection cracks are 
_ spread out so as not to be visible, simple beam design is good. 


At 
yA 


_. There is evidence of yielding in concrete both by test and observation of 
' buildings of some age. Whenever compression steel in beams is required, it 
_ should be designed at the same value as tension steel, and should be designed 
- for the entire compression. This apparently is the eventual action of the steel. 

In all columns where the ratio of the dead load to the total load exceeds five 
~ tenths, the dead load divided by the area of vertical steel should never exceed 
the elastic limit of the steel. Even with this provision, every masonry wall 
in the plane of the columns should have pressure-relieving joints. 

In continuous beams it is customary to place some steel in the bottom of the 
beam at the face of the support. As the concrete yields, this steel will assume 
more and more compression; eventually it will probably take all if it does not 
pass the elastic limit. This overstressing of the steel is probably not harmful 
if it is developed adequately within the support. Inadequate development wil] 
overstress the bond on those bars which might slip and will cause an end bearing 
failure on the concrete, which may or may not be serious. 

There are two problems that confront any code committee. The first 
problem is to provide a standard of safe proportions by which a design may 
be made by simple moment and shear calculations, or axial loadings. The 
second problem is to encourage rigorous analysis by allowing considerable 
economies of materials over the simpler analysis. The first standard should 
be safe and should have an adequate if not uniform factor of safety. The 


if : L : ; 
moments should be determined by the v= method if the spans do not vary 


over 20%, and moment should be neglected in the columns. A working stress 
based on about 0.35 f.’ for concrete and 18,000 lb per sq in. for steel should 
be used. 

The second standard should have a uniform factor of safety, possibly 
smaller than the other standard, and should be used only where elastic com- 
putations have been made to find the distribution of moments through the 
joints at the far end of adjacent members. Moment, shear, and bond should 
be computed for all critical points, and all combinations of loadings. For 
working stresses there should be a code similar to that of the Joint Committee: 
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MAXIMUM PROBABLE FLOODS ON 
PENNSYLVANIA STREAMS 


Discussion 


By MEssrs. JOSEPH L. BENSON, H. ALDEN FOSTER, AND 
EDGAR E. FOSTER 


Josep L. Benson,? Assoc. M. Am. Soc. C. E. (by letter).2*—By his thorough 
but concise presentation of the factors and principles involved in the deter- 
mination of the maximum probable flood, Mr. Ruff has made a distinct and 
valuable contribution to the field of hydraulic engineering. Experienced en- 
gineers will recognize not only the merits of the data presented but will also 
appreciate the author’s recommendation for caution in accepting his formulas, 
tables, and graphs as the missing pieces of their own specific jig-saw problems. 
The critical engineer may not accept the author’s findings entirely, but he will 
undoubtedly find, among the research data presented, certain tools that can 
be utilized in his own work. It appears obvious that the author does not 
intend for engineers to dissect his paper for rules-of-thumb to be used as a 


_ substitute for whatever rule-of-thumb they may have used in the past for 


solving their own particular problem. 

The writer believes additional thought on this subject may be provoked by 
calling attention to the following comments: 

1. Mr. Ruff describes his “maximum probable flood” as one “‘so large that 
the chance of its being exceeded is no greater than the hazards normal to all 
of man’s activities.” This is a concept rather than a definition. What are 
‘the hazards normal to all of man’s activities? Utility will be added to the 
value of the paper if the author, together with other eminent engineers, can 
furnish examples for which his “maximum probable flood” would be the design 
flood and, for the benefit of those who work with frequencies, also correlate 
this flood to frequency of occurrence based on presently available data. What 
are the conditions or circumstances for which the author’s maximum probable 
flood would be the design flood? This is important because too often research 
reports have failed to reach their objective or ultimate possibilities, due to the 


Nore.—This paper by Charles F. Ruff, M. Am. Soc. CG. E., was published in September, 1940, Pro- 


_ ceedings. 


2 Associate Engr., Federal Power Comm., Atlanta, Ga. 
2a Received by the Secretary October 28, 1940. 
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omission of qualifying or related statements. The writer believes that the 
maximum probable flood derived from the author’s methods and data would if 


be equivalent to the design flood for a spillway structure (either dam, highway, 
railroad, etc.), failure of which might cause loss of life, suspension or dislocation. mI 
of business activity, and in addition direct dollar damages of several times the J 


cost of the entire project. Frequency values of this “‘“maximum probable flood” fe 


can be determined for certain particular localities by utilizing the flood-fre- — 
quency curves of those localities. The “maximum probable flood” will be a 
- computed discharge for a particular locality. This computed discharge has a 
frequency value as determined from the flood-frequency curve. The approxi- | 
mate frequency of the enveloping curves could be ascertained by the foregoing §f 
determination for these points which control the location of the enveloping © 
curves. 4 

2. If sufficient agreement could be obtained on the occasion and purpose ' 
for which the maximum probable flood would be the design flood, it would be — 
possible to establish a series of relationships between the protection offered by, 
and the magnitude of, this design (maximum probable) flood and the protection 
required by, and the magnitude of design floods for, other situations. At a- 
specific location, the design flood for a bridge on a “farm-to-market” dirt road — 
would be different from a large dam or important transcontinental railway — 
bridge. It is obvious, therefore, that the structure itself affects the magnitude 
of the design flood. It is also believed that sufficient importance has not been © 
given to the effect of the possible downstream damages on the design flood used 
for spillway structures and flood storage. Most engineers have realized, in a 
qualitative sense, that less protection is needed where resulting damages would 
be small if failure should result. From a quantitative standpoint, engineers 
have found very little in print on this subject and have had to depend on their 
own judgment. The effect of structure and potential downstream damage on 
the magnitude of the design flood is appreciable.* 

3. The author’s method for determining the maximum probable flood in- 
volves rotation of the axis of the storm, when transposed over the particular 
drainage area, to give the maximum runoff from the particular storm. Mr. 
Ruff assumes that the “severe condition of a perfect fit’? compensates for the 
vagaries of nature in causing a larger storm or the effect of a higher than normal 
runoff coefficient due to a previous storm. The writer believes the compensa- 
tion should be provided for by means other than rotation of the axis of the storm. 
Although little data have been published concerning either the propriety or — 
impropriety of rotating the axis of a storm, it appears best to transpose the 
storm without rotation.4:* The writer believes that the more uniform the 
pattern of the storm paths, the less basis can be found for rotation of the axis 
of the storm. Additional data on the meteorology of floods appear necessary 
and may be available.® 


3‘‘Recreational Use of Forest Waters,” by Clifford Allen Betts, M. Am. Soc. C. E., Engineering News- 
Record, August 29, 1940, Fig. 4, p. 61. 


Fah ‘Measuring the Discharge of Texas Streams,” by J. L. Lochridge, M. Am. Soc. C. E., Civil Engineer- 
ing, September, 1937, p. 638. 


5‘‘The Sardis Dam and Reservoir,” by Norman R. Moore, M. Am. Soc. C. E., Civil Engineering, 
June, 1939, p. 349. 


eis Bh at ek nt Data,’’ Progress Report of the Committee, Proceedings, Am. Soc. C. E., February, 
1P- . 


a. er ; ° ‘ a os 


. The validity of transposing the isohyetals of a storm to determine the 
ximum probable flood” depends on: (a) The probability that the storm 
would or,could center over the drainage area in the future, and (0) reliability 
of the isohyetals drawn from the recorded rainfall. In the former case engi- 
i neers have been sufficiently warned concerning the application of air-mass 
analysis without expert advice. With regard to the latter, there is nothing 
80 spotty as spotty rainfall.? There should be a sufficient number of Weather 
Bureau stations within the area of heavy rainfall not only to delineate the 
- isohyetals properly, but also to permit sufficient reliance to be placed on them. 
4 If there is a choice between using the method of transposing isohyetals or using 
- flood runoff data, the writer suggests using both. Of course, the weight to 
_ be given to each solution will depend on the reliability of the data used for each 
_ method, especially the period of time for which the rainfall and river runoff 
data are available. 
5. The author uses the enveloping curve for the storm rainfall producing 
_ the maximum probable flood and provides no factor of safety as a surcharge 
- (at points controlling the location of the enveloping curve) for possible storms 
in excess of those already recorded. By rotation of the axis of the storm as 
_ indicated in the preceding paragraph, the author actually obtains a factor of 
safety, in the sense that rotation of the axis of a storm will produce a flood 
several times larger than would be the case without rotation. However, would 
- not the experiences with enveloping curves of flood runoff be repeated with 
enveloping curves of maximum rainfall? William P. Creager, M. Am. Soc. 
’ GC. E., believes that if enveloping curves of record storms ‘‘* * * were derived 
and plotted, they would show the same increase with time, that is, an increase 
with the accumulation of data.” *® It is possible that the author can offer 
additional information on this point. The enveloping curves of maximum rain- 
fall may be a definite derivative of the pattern of storm intensities, but, when 
the location and slope of the enveloping curve are determined by only two or 
-_ three storms, there is a strong possibility that such curve will be pierced at 
several points as time goes on. This possibility need not detract from the value 
of the author’s work, if it is definitely understood that the enveloping curve is 
a tool in determining the maximum probable flood and is not of itself a repre- 
sentation of the maximum probable storm. 

6. Mr. Ruff’s definition of runoff coefficient is admirably suited to his 
method of determining the probable maximum flood. However, more accuracy 
can be obtained by converting fallen snow to equivalent inches of rainfall. If 
this change were adopted, the author’s method could still be utilized by ad- 
justing the enveloping curve of the winter storms to include the expected snow- 
fall conditions. Many engineers will find great interest in the emphasis on 
seasonality and temperature, size of storm, and character of the watershed as 
affecting the runoff coefficient. Apparently, size of drainage area does not 
affect the runoff coefficient other than to provide a place for the watershed 
characteristics to take effect. 


1 Proceedings, Am. Soc. C. E., January, 1940, p. 178. 
8 ‘Possible and Probable Future Floods,’ by William P. Craeger, Civil Engineering, November, 1939 
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7. Engineers who have made flood-flow studies based on the same storms _ 
used by the author should present their findings. For example, the storm 
designated as 244, March 12-15, 1929, near Elba, Ala., was used as the basis | 
‘ for determining the spillway capacity of the Sardis Dam in Mississippi. | 
Likewise, the storm designated as 248 may have been used in spillway studies — , 
of Saluda Dam in South Carolina. It is logical to assume that, whenever im- 
portant hydraulic structures have been erected in the locality, adjacent and 
subsequent to one of the designated storms, the designing engineer would com- | 
pare his design data with those obtained by using the author’s methods. Engi- — 
neers who have used one or more of the specific storms represented in Tables _ 
2 and 3 could, therefore, contribute comparative-data to the discussion. 

8. The value inherent in some parts of the author’s presentation cannot _ 
be overemphasized. So much emphasis has been placed on peak flows that 
some engineers talk of nothing else, whereas equal or greater emphasis should 
be placed on flood volume or flood volume above a specified rate of flow. Fig. 
14 and Table 8 illustrate both peak flow and flood volume. Peak flows have 
utility as: (a) An index of flood magnitude and hydrograph construction; (6) 
a criterion for spillway design of run-of-river hydro-plants or other structures 
where no flood storage is used in the design; and (c) development of back- 
water curves. Since most reservoirs provide an appreciable flood-storage ca- 
pacity (usually that storage between the maximum and normal water levels), 
the importance of flood volume cannot be overemphasized. In the case of 
most flood-control reservoirs, it is flood volume above a stated rate of outflow, 
usually limited to non-overflow or nominal overflow of the river channel. 
Where downstream conditions do not limit the outflow for structures, it is 
flood volume above the average spillway capacity. It is realized that prac- 
tically all engineers take flood volume into consideration when that item affects 
the design of the spillway structure; but further emphasis on flood volume 
above the relevant flow is desired in technical publications and discussions. 
The relative importance of peak flow and flood volume, of course, is dependent 
on the locality and the design of the structure. The difference between inflow 
and outflow is obviously the difference in the volume of water going into or- 
out of storage. One extreme is the run-of-river hydro-plant with little or no 
storage where outflow or spillway capacity must approach or equal the inflow, 
and the other common extreme is the normally empty flood-control reservoir 
where outflow may be held to zero or a very small percentage of inflow. 

9. The author’s admonition to those tempted to use the published data for 
their own studies can be most appreciated by those familiar with the vagaries 
of nature in bestowing heavy rains at unexpected places and times. When 
combined with other peculiarities, floods result which can scarcely be predicted 
or provided for with statistical logic. For example, the designer of a spillway 
structure in the northern part of the United States must contend with fallen 
snow and ice; in the southeast the twin-peak flood gives emphasis to flood 
volume rather than peak flow; in Texas and other parts of the southwest, the 
1935 floods show peak flows considered by some engineers to be ‘fa phenomenon 
of a very special nature’’; in California and the far west it is reported that peak 
flows have included a transient peak containing 50% water and 50% solids.® 


9*'Transient Flood Peaks,’’ by Henry B. Lynch, M. Am. . C. EB | 
SGofamban 16th as tone. yne m. Soc. C. E., Proceedings, Am. Soc. C. E., 
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ingineers who must work with the more peculiar storms and watersheds will 
recognize the necessity for good judgment in determining their own design floods. 
; The writer’s comments are intended to emphasize the author’s own warnings 
once ning the use of data prepared for particular purposes. In almost every 
: instance the provision of floodway capacity and flood storage is a matter 
involving dollars and sense. The engineer is guided, consciously or uncon- 
_ sciously, by the desire to make provision for expected and unexpected floods 
to the extent that increasing increments of flood protection do not require 
unreasonable outlays of money. If additional flood protection can be obtained 
at little or no cost, the engineer will be more than generous in providing such 
protection. If such additional expenditures are uneconomic from the financial 
~ and social viewpoints, the engineer will be tempted to restrain his imagination. 
_ The substance of the matter can be summed up as follows: Always provide 
sufficient protection for all reasonable contingencies and then add whatever 
additional protection that can be obtained without unreasonable added ex- 
pense. Consciously or unconsciously, in matters not subject to mathematical 
precision, the engineer must be guided by dollars and sense. 


H. AtpENn Foster, M. Am. Soc. C. E. (by letter) l0c__For the last twenty 
years (1920-1940) the writer has followed with interest the various methods 
proposed for estimating stream flow in the design of reservoirs and dams. 
There has been a noticeable trend in the development of these methods, which 
- may be worth considering. In 1914, the late Allen Hazen," M. Am. Soc. 
+ C. E., made a revolutionary step in studies of hydrology by proposing the 

probability method for analysis of stream flow. This method received much 

attention from members of the profession and was extended in various directions. 

Previous to the publication of Hazen’s original paper, the late Weston E. 
Fuller,2 M. Am. Soc. C. E., had introduced the idea of probability or fre- 
quency in the study of floods. 

There have been numerous variations of Hazen’s and Fuller’s ideas, both 
in estimating future stream flow and determining maximum floods for design of 
structures. Fundamentally, however, all these methods were based on the 
assumption that, if a continuous record of stream flow or flood intensities were 
available covering a number of years, it could be used as a basis for estimating 
the probability of occurrence of a rate of flow or flood intensity of any given 
magnitude in the future. 

The chief difficulty with the probability methods was that, in most cases, 
the available records were not sufficiently long to serve as a basis for reliable 
estimates of probability for periods exceeding the length of the available rec- 
ords to any great extent. Thus a probability curve based on a 10-yr record 
might be extrapolated to represent a 15-yr or 20-yr record; but it could not 
safely be extended to estimate the results of a 100-yr record. As few complete 
stream-flow records were available for periods of more than twenty to thirty 
years, the method did not seem to be of much use in some branches of hy- 
draulic design, such as for flood control and particularly spillways of dams, 

10 With Parsons, Klapp, Brinckerhoff & Douglas, New York, N. Y. 


102 Received by the Secretary October 28, 1940. 
11 Transactions, Am. Soe. C. E., Vol. LXXVII (1914), p. 1539. 


12 Loc. cit., p. 564. 


where it was generally felt that 


With a realization of this limitation of the probability method, efforts 
made to develop a method for deriving a hydrograph of the “maximum flood” 
or the “maximum probable flood”’ which could be expected to occur on a river 
in a given location. Various ingenious methods were developed for this pur- 
pose. It is not the purpose of the writer to review these various methods, but 


only to indicate their trend. In recent years, the tendency has been to develop 


a synthetic hydrograph, based on a synthetic rainfall record. The rainfall 
record is supposed to represent that of the maximum storm which could oceur 
over the watershed, or a storm of an intensity that would be expected at only 


rare intervals. In some of the methods, the principle of probability was used 
in deriving this maximum storm; in other methods (such as those described in 


the paper) the maximum storm is assumed to be greater than any on record but 
no attempt is made to estimate its probability of occurrence. 
Now it happens, in the United States at least, that rainfall records are 


available covering much longer periods of time than records of stream flow or 


of floods. It is practical, therefore, to apply the probability methods to rain- 
fall records in many areas where a similar application to stream-flow studies 
would be quite unreliable. Such a combination of probability methods applied 
to precipitation studies with synthetic runoff records has been adopted by the 
U. 8. Army Engineers, particularly in arid regions where stream-flow records 
are quite inadequate. 

In the paper, the author has developed a very ingenious method for obtain- 
ing a “maximum probable storm,” which he considers to be of sufficient rarity 
to deserve this description, but without attempting to estimate the probability 
of its occurrence in any year. By analysis of existing stream-flow records in 
the area under consideration, he develops a method for obtaining the 100% 
runoff hydrograph produced by this storm on a “standard watershed” of an 
assumed shape and size. To apply the method to any particular watershed he 
uses the following procedure: 


(1) Prepare the storm hydrograph for the maximum probable flood on the 
standard watershed, corresponding to the actual drainage area of the watershed 
under consideration and the particular season of the year; 

(2) Multiply the standard flood by a “location correction factor,” which is 
supposed to correct for the variation of storm intensity at changing locations 
in the state; 

(3) Multiply again by a “shape correction factor,” which is supposed to 
adjust for the fact that the given watershed has a shape different from that 
assumed for the standard watershed; and 

(4) Multiply again by a runoff coefficient, to make allowance for the fact 
that the actual runoff percentage will not be 100% of the rainfall, as assumed in 
preparing the standard hydrograph. 


The final result will be a synthetic hydrograph of runoff in cubic feet per 
second per square mile; when this is multiplied by the actual drainage area in 
square miles, the final desired hydrograph will be obtained. 
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_ It will be observed that each of steps (1) to (4) involves the use of a quantity 
or factor which, in itself, is of uncertain accuracy. For example, if each step 
involved a positive error of 10%, the over-all error would be 47%. Even if the 
P several steps should have margins of error considerably less than 10%, the final 
result might still be considerably in error. 3 
4 The point that the writer wishes to emphasize is that any method which 
4 involves so many assumptions in its various steps cannot be expected to produce 
very reliable results; and since the final results cannot be considered precise 
i by any means, the question may be asked whether equally good results might 
_ not be obtained by some less complicated method. The writer would suggest 
a for such a simplified method that a probability analysis be made of the rainfall 
records to determine the ratio in magnitude and intensity of the ‘1,000-yr” 
_ storm (for example) to any given storm. Then the hydrograph of the flood 
_ produced by the given storm would be adjusted to obtain the runoff correspond- 
_ ing to the 1,000-yr storm. 
> The method used by the author for determining the variation of storm mag- 
nitude with geographical location is very interesting, and so far as the writer 
knows this method has not been described previously in print. The basic 
assumptions under which this method is developed appear to be sound, and 
very likely could be applied to advantage in other localities. 
It is possible that the writer’s impression of the complexity of the method 
_ would not be fully substantiated after practical application; familiarity often 
breeds respect. The paper is well worth study for its explanation of the various 
factors that influence the size of floods; and the writer is to be congratulated on 
the clear yet complete manner in which he has presented his subject. 
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Epcar E. Foster," Assoc. M. Am. Soc. C. E. (by letter)."—In this 
excellent paper the author has presented a method of devising synthetic design 
floods that is based essentially upon statistical analysis. The method is sta- 
tistical in that the results are based on averages or extreme variations of a 
large number of observational data of the principal factors entering into the 
production of a flood. The resulting design floods, therefore, are not derived 
from one or, at most, a few great storms. 

It appears to the writer that statistical analysis should constitute a sound 
basis on which to construct design storms, for the reason that hydrologic data 
are primarily statistics of the various elements of storms and floods. The 
method should be particularly adaptable where many design floods are required 
in a climatologically homogeneous region. 

Storms and floods are complex phenomena, and in order to gain an adequate 
insight into them, they should be studied piecemeal. The primary elements 
of a storm are the rainfall, the duration, the area covered, and the location. 
Of these four elements, three are commonly expressed as numbers and there- 
fore can be treated by statistical methods. Because of the great variation of 
the data, they can be conveniently expressed as averages and maxima. The 

- fourth element, location, cannot so readily be expressed numerically, but it is 
the result of movements of the interacting air masses and depends largely upon 
Pyare Se Boe calgge ene sarees 28 ES ee gree tenes 
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the variation in atmospheric pressure and directions and velocity of the wind : 
Behind these four elements there are other more remote factors such as moisture 


content of the air and difference in temperature between the air masses, which 
play a part in the production of the storm and resulting flood. These factors 
may likewise be expressed as arithmetical data and are variable quantities, 
~ although the effects are not so readily traceable. ; 


- Still another element is necessary for the production of a flood even when 


heavy rainfall is received—that is, favorable ground conditions. This element 
is expressed as a numerical coefficient, being a ratio of the runoff and the rain- 
fall, or as a rate of infiltration. 

All these numerical data may be treated as statistics so that storms and 
floods can be analyzed into their constituent parts and averages obtained or 
envelope curves be drawn over the greatest observations to obtain probable 
maximum values. Since floods deal with maximum values, envelope curves 
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are particularly valuable as shown in Figs. 2, 5, 7, 8, and 17. These averages 


and maxima can thereupon by synthesized into a design flood. This procedure > 


is essentially the one the author has followed and is, in the opinion of the writer, 
a sound and logical process. 

The mechanics of the method probably will cause more disagreement among 
engineers. However, the same statement can be made of any other series of 
steps in developing design floods, for the reason that the art is as yet too young 
to have rigidly established procedures. 

This situation applies particularly to the standard drainage areas as used 
by the author. This method of obtaining the distribution of runoff is empirical 
to a high degree and does not have a statistical basis comparable to that of 
the data of rainfall or other elements of storms. Like other formulas of 
similar nature, its use should be limited to the area and conditions under which 
it was derived. Furthermore, the derivation omits the effect of slopes and 
valley storage, elements which have an important bearing on the distribution 
of storm runoff. 

Because there are a number of features in the paper that could be explained 
or harmonized by an understanding of the part played by the various air masses 
in the production of floods, it is regretted that the author did not include a 
more extended discussion of them. 

It is desirable to trace the paths of the storms—that is, the movements of 
the areas of low barometric pressure, constituting the center of the extratropical 
cyclones. However, these areas of low pressure do not tell the entire story in 
themselves. The principal function of these “lows” is that they constitute a 
mixing pot for the various air masses in which the warm moist air is more or 
less rapidly lifted over the cold air so that the moisture content is precipitated 
with great intensity. Whether heavy precipitation occurs in the “low” de- 
pends upon the types of air being drawn or perhaps pushed into the center. 
For example, the “low” of the storm of March 16 to 18, 19386, entered the west 
coast of the United States on March 10 and produced little or no rainfall until 
March 16 at which time it was located over Louisiana. From that time on, it 
encountered the tropical air masses and heavy rainfall occurred. It should be 
noted in passing that the heavy rainfall which partly caused the heavy floods in 
New England occurred while the low was over the Middle Atlantic States; in 
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this case the heavy rainfall cannot be accounted for except by movement of the 
opical air masses over New England. 

East of the Rocky Mountains, there are two types of air masses that are 
important in the production of heavy rainfall such as is required to cause a 
- flood; these are the Polar Continental type (being named for the region of their 
i origin) characterized by cold dry air, and the Tropical Maritime type that is 
_ the warm moist air of the Gulf of Mexico and adjacent tropical seas. 

a The latter type is the carrier of the moist air and the producer of the heavy 
_ rainfall necessary for floods east of the Rockies. The farther they travel from 
# the source region, the more likely it is that the moisture content is depleted 
; and the more likely that the supply of moist air will be interrupted or cut off 
~ by movement of the cold and dry polar air. In the United States this condition 
 -will not have a noticeable effect on the short storms such as thunder-storms 
__ during which moist air will be concentrated by convective action so that rain- 
fall with a duration of a few hours may be nearly as intense in the northern 
~ states asin the southern. The great storms arising from air-mass action alone, 
however, require a continual supply of moist air to produce the precipitation 
observed, since the moisture content in a vertical column of air is not enough 
to produce the rainfall observed. As the tropical air masses move northward 
they leave their source of supply and at the same time approach the region of 
the cold air masses, which, being more vigorous in the northern latitudes, more 


readily cut off the supply of moist air. This results in a decreased total pre- 


cipitation as the storms are located northward. 


: Figs. 1, 3, and 4 show the effect of the interrupted and diminished supply of 


moist air. Fig. 1 shows the steady decrease in rainfall along the axis of the 
Atlantic Coast of both summer and winter storms. The decrease appears (see 
Fig. 2) to be somewhat greater for the latter as may be expected because of the 
colder water surface that must be traversed from the source region of the 
tropical maritime air masses. 

Likewise the storms moving northward from the Gulf of Mexico, shown in 
Fig. 5, have a diminishing total precipitation. This decrease is also shown by 
Figs. 3 and 4, along the southeastern extension of the axis. The peak (about 
mile 1300 on the Ohio Axis for summer storms) being located over the eastern 
border of Pennsylvania and New York, may be caused by the tropical air masses 
that come from the South Atlantic and enter land in the Middle Atlantic States. 
The dip in the axis in Fig. 4, between mile 800 and 900, remains unexplained 
unless the Gulf air loses its moisture before it moves eastward along the Ohio 
River Valley. Perhaps the storms are not susceptible of being sorted arbi- 
trarily into summer and winter classes, or it may be that too few storms have 
been experienced to permit a certain classification. ‘There seems to be no very 
good reason why winter storms should yield greater precipitation in western 
Pennsylvania than do the summer storms. 

In any case the source of moisture is the same for both winter and summer 
storms, which fact accounts for the similarity in the two types of storms as 
noted by the author. There are some modifying influences, most important of 
which is the lower temperature of the gound that must be traversed in winter; 
this condition results in a smaller moisture content by the time the air masses 


reach the storm region. 
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: THE GRAND CENTRAL TERMINAL 
IN PERSPECTIVE 


Discussion 


By Messrs. F. LAvis, E. R. HILL, ALONZO J. HAMMOND, 
AND H. L. RIPLEY 
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F. Lavis,2 M. Am. Soc. C. E. (by letter) .22__This all too brief review of 
ri the events and processes leading up to the final development of the present 
Grand Central Terminal in New York is a paper of the kind that engineers need | 
so much and go seldom see. It is an account of particular interest to all who | 
‘look beyond surveys and the calculation of the size of an I-beam, or even of an 
unprecedented bridge or other structure, to the fundamental effect of engi- 
neering structures and engineering design on economics and on public and civic 
affairs. ‘The author is to be congratulated on having written and on being able 
to write such a paper. 
One hesitates to criticize it, therefore, but knowing the author for what he 

is, a passionate servant of the truth, the writer believes that he will accept a 
very slight amendment to his statement about the effect of this improvement on } 
assessed valuations in Westchester County. | 

That the terminal improvement and the electrification of the railways 
within the northern suburban area of New York City have contributed to the | 
building up of Westchester County no one will deny; but it is to be questioned 
if this expansion can be attributed to this improvement to the extent indicated 
in the paper. Assessed valuations in Westchester were increased, materially 
and arbitrarily, in 1920 and 1921. In Scarsdale, for instance, assessed valua- 4h 
tions were doubled at that time, from about $10,000,000 to $20,000,000, with 
only a very small increase in actual values. Similar increases occurred through- | 
out the county at about the same time in an attempt to comply with the law 
which requires assessments to be equal, as nearly as possible, to the full value | 
of the property. 

In attempting to show that the rate of increase in Westchester County is 
very much greater than the rate of increase in the state as a whole, it must be 
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Nors.—This paper by William J. Wilgus, Hon. M. Am. Soc. C. E., was published in October, 1940, | 
Proceedings. 


2 Cons. Engr., New York, N. Y. | 
20 Received by the Secretary October 29, 1940. 
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e separated from Manhattan by river barriers, whereas Westchester has 
e easily available land connections and the railways serving it have a terminal in 
the heart of New York City which, during the period considered by the author, 
was additionally connected to downtown New York by the first subway line. 
The growth of Westchester has been coincident with the growth of New York 
oa ity, both in wealth and the number of inhabitants, and must be attributed in 

part to this growth of the city. 
__- During the period under consideration, Westchester was also building the 
Bronx River Parkway, the first of that series of great highway arteries which 
have made the county so easily accessible; and as a matter of fact the sponsors 
of this parkway have claimed that it was the large expenditure of county money 


- for this purpose that has been responsible for the great rise in land values and 
assessments in the county. Certainly these parkways are responsible for help- 
4 ‘ing to make Westchester a desirable place in which to live. 
____Inspite of these facts, however, the author has ample claims on the gratitude 
of the profession in describing a remarkable piece of work very well done. 
‘From his own experience, the writer can testify to the competence of the or- 
_ ganization which did this, handling millions of passengers while the work was 
being completed with scarcely any delay or inconvenience. 
So far as Westchester is concerned, even though it may not be conceded 
that its growth was wholly due to the terminal improvement and the electrifica- 
- tion, it must be conceded that the two went hand in hand—that a great public 
utility had vision and measured up to its duties and responsibilities. 


EB. R. Hix,” M. Am. Soc. C. E. (by letter).%*—The traveling public takes 
for granted today the two major passenger stations of the railroad on Man- 
hattan Island. The generation is passing that saw the building of the Penn- 
sylvania Station and of the present Grand Central Terminal, and it is therefore 

timely and fitting that the full story of the latter should be spread before the 
members of the Society. 

This station presented many problems differing from those connected with 
the Pennsylvania Station. This latter was an entirely new project involving 
tunnels under the Hudson River from New Jersey and a connection by tunnels 

- under the East River with a large new train yard on Long Island. The station, 
therefore, partook more of the nature of a major stop en route than of a stub- 
end terminal. 

The problem before the New York Central Railroad Company, however, 
was the rebuilding and expansion of a busy operating terminal station, together 
with the reclaiming of valuable building sites by the placing of the tracks under- 
ground. This involved the adoption of electricity as the means of motive 
power at a time when electric traction was still in its formative stage. 

The difficulties of such an undertaking were enormous, of course, for, be- 
sides the physical problems encountered, it must be remembered that all of 
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this work had to be done without interference with the operation of the railroad | 
with its complex combination of through passenger service from the north and | 
west and, for that day, a heavy commuter service. Some of the older com- | 
muters will remember the wooden ramps which were built at various degrees 
of slope to test out just how steep they could be made without slowing up the | : 
march of the crowds unloaded from the trains. : 

The transformation of Park Avenue, then ill-named, from its smoky and | 
generally undesirable character to its present state, also is one of the out- 
standing features of the project, taken very lightly and casually by the average { 
traveler of today. Fs 

That the creators of the terminal built well is indorsed by the fact that, 
notwithstanding the enormous growth of the traffic handled, the station has — 
continued to do its work satisfactorily with virtually no major changes. The § 
well-planned separation of the through and commuter traffic remains as it was) ff 
at the outset and handles the tremendous crowds of rush hours and holidays 
with an efficiency that is the admiration of all visiting railroad operators. 
Mr. Wilgus’ data, given in Table 4 and supporting text, are impressive, the 
percentage of increase in traffic being 264 for commuters and 166 for all kinds 
of traffic. These are yearly totals; it is probable that the daily peaks would 
show even greater increases. 

Mr. Wilgus points out that the time approaches when thought must be 
given to handling a further increase of traffic. Who shall say what the future 
holds? Are cities in the United States to grow indefinitely or are they to feel 
increasingly the effect of decentralization of which there are signs? Whatever 
is ahead, one can but hope that men will be found of the caliber and character — 
of their predecessors to solve the new problems as they arise. 


Atonzo J. HamMmonp,?4 Past-PRESIDENT, Am. Soc. C. E. (by letter).4—In 
the ‘‘Synopsis” of this paper, the author rightly refers to the exceptional ad- 
vantages achieved in the interest of the owner, and of the public as well, by the 
utilization of overhead air rights due to the change of motive power from steam 
to electricity. 

The fact that the approach tracks ran through a public street where the 
steam and smoke were objectionable, as well as in the zone of the terminal 
proper, made it all the more important to change the motive power—the result 
of which, of course, was “‘a clean bill’’ for the very remarkable development of 
air rights. If the terminal alone had been considered, the result could have —) 
been obtained, as it has been in the case of the Chicago Union Station, Chicago, 
Ill., where steam is the motive power. 

During the earlier stages of construction of the Chicago Union Station, full- 
scale tests were made over quite a period of time to determine the best type of 
inlet areas, and the type of fan and power required for removing promptly 
steam and smoke from a locomotive through ducts to a satisfactory outlet. 
The results obtained made possible the use of air rights for the Daily News 
Building and the Post Office, the latter extending for a block about 800 ft long 
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-and the full width of the station tracks. It will be admitted that the results do 
ot measure up to those obtained with electric traction, but are fairly satis- 
factory, with one important exception—the corroding effect of smoke. 
_ The author has been able to add a new term to the classic definition of 
- engineering, and he is to be congratulated not only in having the vision but the 
- opportunity to “evoke” such a magnificent station development. In conse- 
_ quence, he has well earned the retrospect of a job well done. 
3 In connection with his studies for the Chicago Union Station, the writer had 
 oceasion to spend quite some time making an intensive study of the Grand 
_ Central Terminal, the engineering design, operation, income from facilities, 
e economics of investment, as well as architectural treatment for combined sta- 
tion use and office facilities. The writer was impressed most by the intensive 
use of vertical space in a two-stage development and the minimum effort re- 
_ quired of the passenger to reach the various places he had to go to supply his 
- wants for service—the ticket offices, parcel room, information booth, entrances 
- to the train concourse—all in plain sight and easy of access when he reaches 
the foot of an easy ramp from the street, or a few short steps after leaving his 
taxicab. Such a well-planned sequence of movement for the passenger exists 
in no other station, to the writer’s knowledge. Opportunity was there and was 
taken advantage of to a superlative degree. 

The author has given a very enlightening story of the processes of the 

S Electric Traction Commission in reaching conclusions, not only as to type, but 
extent of electrification, as, for example, to stop at Mott Haven, five miles out, 

- or go to Harmon, about thirty miles farther. Table 4 shows the increase in 
commuters from 1906 to 1930, but it would have been of interest if the immedi- 
ate effect of electrification could have been noted resulting from greater speed 
and comfort of the suburban trains. This is mentioned for the especial reason 
that beyond a certain zone of the Illinois Central suburban electrification in 
Chicago, both on the South Chicago branch and the main line, there was a 
very prompt reaction in building, and new neighborhoods developed, increasing 

the local traffic quite promptly. 

The architectural compromises referred to and the statement that the in- 
tended high office building over the south end of the station on 42d Street 
“fell by the wayside,”’ lead one to the conclusion that the ultimate result was 
most fortunate in providing an elevation on 42d Street, facing south into Park 

_ Avenue, of matchless beauty and, in addition, the glassed arched gables permit 
the sun’s rays to pour down into the passenger concourse with the result that 
the people are kept in a cheerful mood when waiting for a train. 

Such a development requires many studies to be made and many discarded. 
In the case of the head house of the Chicago Union Station, there were some 
thirty studies made. The caissons were put in for the selected type before the 
United States entered the World War, and afterward a different design was 
adopted, necessitating a revision of nearly all the caissons. In the case of the 
Grand Central Depot, it took courage and vision to tear down the old struc- 
tures and start “from scratch.” a 

Where there is so much to commend, there is left very little to criticize in 
such a terminal, The writer has found one element, however, which is inherent 
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with a stub-end terminal with passenger platform used r handling | 

and mail. The writer has timed the unloading of baggage and mail onto tru 
from an inbound train and has found it to be from 20 to 22min. In the mean- 
time, the passengers have all gone by on the narrow lane left by the trucks; so, 


without invidious comparisons, one might refer to the Chicago Union Station’s © 


separate platforms for such traffic, a detail believed to be peculiar to that station. 
At times there have been criticisms from some sources of the money which 


railroads have spent for what were termed “monumental” stations. In 1916, al iy 


when Robert Trimble was preparing his presidential address for the American — 
Railway Engineering Association, the writer gave him an editorial comment by — 
John Henry Zuver in a South Bend (Ind.) newspaper, which ran as follows: 


“In the middle ages, communities built magnificent cathedrals—and 
paid for them—and who questions the ennobling effects of these rich and 
spacious structures on all beholders? They satisfied and glorified the lives 
not only of those who built them, but also of their descendants. The 
genius of the American people runs to transportation and to business. 


Why not express through those mediums the artistic soul of the nation? © 


Who that ever stood before the massive pillars of the Northwestern in 
Chicago, who that ever walked the floor of the wasteful concourse in the 
Pennsylvania Station in New York, with its noble space and simplicity, its 


astonishing and grateful silence, can ever think of them without a thrill?” 


H. L. Rrevey,” M. Am. Soc. C. E. (by letter).2—In writing the history of 
the development of railroad service for passenger transportation northerly from 


New York City, along the Hudson River and into Westchester County and 


New England, Colonel Wilgus has again done a notable service to the engineer- 
ing profession and to the public at large. 

His description of the peregrinations of the terminal from City Hall Square 
to the present location of the Grand Central Terminal at 42d Street and Park 
Avenue would be a worth-while endeavor of itself. His description of the 
terminal project, however, makes it of vastly more interest and importance to 
the engineering profession. His description of the terminal and its northerly 
approach, with maps, tabulations, and photographs, presents the problem in 
such clear and complete detail that one who has never seen it can form a 
clear picture of the magnitude of the enterprise as a whole. 

He has touched only lightly upon a phase of the matter which, to the 
writer at least, seems to be the most remarkable part of the undertaking (ex-. 
cepting its original concept), namely, that the entire job was completed under 
a traffic maintained on the same location, reaching more than 500 regular sched- 
uled trains, and which involved as many as 1,000 separate movements per day. 

All engineers know that it is one thing to construct a project ‘‘in the open.”’ 
It is quite another to do the same job in the heart of a great city, under intensive 
traffic, and to keep that traffic moving without delay or serious inconveniences; 
and those who had occasion to use the terminal during the construction period 
know that this was accomplished remarkably well. The excavation had to be 
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sted thirty or more years ago, when the two sides of the city 
from 42d Street to 56th Street (see Fig. 5) and the area between, 
ne t parts of the city, was a smoky waste of tracks and | rvict 
, unless he compares a photograph of that area as of today 
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ithor for his vision in planning the enterprise, and for his record of the whys 
d wherefores as an inspiration to others. 
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EARTHQUAKE STRESSES IN THE SAN 
FRANCISCO-OAKLAND BAY BRIDGE 


Discussion 


: By MAurRIcE A. BIOT, Esq. 


Maurice A. Brot,® Esa. (by letter).“—It was found that for a simple 


structure with one degree of freedom, subjected to a horizontal motion, the 
maximum shear force due to an earthquake could be expressed as 


Ve wAtTy..< ... oe eee (55) 


in which m is the total mass, and A an acceleration function of the period of 
the structure but characteristic of a given earthquake. This quantity A is 
referred to as the ‘‘equivalent acceleration” for a simple resonator because of 
the fact that, for a structure of given period 71, a static acceleration of value 
A(T;) produces the same stress as the earthquake on that particular structure. 
Eq. 55 may be written in a different form as 


Vis Vy oe ee (56) 


in which V, represents the maximum shear under a static horizontal force due 
to gravity. : 

The equivalent acceleration A(T), plotted as a function of the period, is a 
characteristic curve of the earthquake called a spectrum. Such spectrum 
curves were evaluated by the use of a mechanical analyzer for the earthquakes 
of Helena, Mont., on October 31, 1935, and Ferndale, Calif., on September 11, 
1938, for which the records show an acceleration peak of 0.16 g and 0.17 g, 
respectively. It was found that, for periods greater than 0.2 sec, the envelop 
of both spectra could be approximately represented by the formula 


in which 7 is the period in seconds. Eq. 56 may be generalized so as to take 


Norn.—This paper by Norman C. Raab, M. Am. Soc. C. E., and H d C. Wood Balt 
Soc. C. E., was published in October, 1940, Proceedings. os spear 
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into consideration structures with more than one degree of freedom. The = 
‘maximum shear and the bending moments in each mode of vibration excited a 
by the earthquake may be written, respectively, ~ 
a A : ‘ ri : i 
Vy = C VG 9g CE) SW enele SNe ue, cee eet er tein cel inten ane (58a) i oe 
A 
M, = B, M, mi (Pa) sot tale eee (58) 


q in which Vy and M, are the maximum shear and bending moments produced 
by a static horizontal force equal to gravity, and 7’, is the period of the par- 
_ ticular mode considered. The coefficients C, and B, may be called “efficiency — 
_ factors,” depending on the type of structure and the order of the excited mode. 
_ Values of these coefficients for a cable and a pin-ended uniform truss are given 


% in Table 2. Using the data in the paper, one can apply these results to evaluate 


é TABLE 2.—CoEFFICIENT FOR A CABLE AND A PIN-ENDED 
3 Unirorm Truss 
EE 
2 Order of excited mode — n= n= n= 
Pet OECADICS sis ceels <a sere -0ss's 5 a 0.816 0.0905 0.0326 
Be Cy for triiss....-...6.0.---+ ++: 0.816 0.010 0.0013 
Be for truss >=... <p. ce sees see 1.03 0.012 0.0016 
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an upper limit for the stresses which would be produced by an earthquake of 

_ the Helena or Ferndale type in the San Francisco-Oakland Bay Bridge. 

. Eqs. 55 to 58 apply only where the ground moves rigidly and would not 
cover the case in which the towers of the bridge and anchorages are moving 
out of phase. However, in the latter case it may be verified that the stresses 
are generally less than if the ground were rigid. 

Center-Span Truss—The measured period in the center-span truss being 

9.0 sec and the coefficient C, = 0.816 (from Eqs. 57 and 58a), the maximum 
_ shear in the fundamental mode is V: = 0.017 V,. This is the same as that 

~ produced by a static force of 1.7% of gravity. 

Similarly for the bending moment—applying Eq. 58b with Bi = 103 
M, = 0.022 M,, it is possible to state that the equivalent accelerations for 
this case are 1.7% and 2.2% of gravity. 

Side-Span Truss ——According to Table 1, a probable period of the side span 
is 3 sec. This corresponds to end conditions intermediate between pin-ended 
and fixed. The maximum shear and bending moment for the fundamental 
mode are V; = 0.053 Vz, and M, = 0.067 Mg. The equivalent accelerations 
for the shear force and bending moments are, respectively, 5.3% and 6.7% 
of gravity. 

Cables—The periods for the center-span and side-span cables are, re- 
spectively, 5.9 and 3.1 sec. Hence, the corresponding maximum shear stresses 
are the fundamental mode of these cables: Vi = 0.027 V,, and Vi = 0.053 Vy. 
The equivalent accelerations are 2.7% and 5.3% of gravity. 
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) 0.3 sec. - 
and the bending moment are found to be: Vs = 0.0066 Vg, an 
These stresses are negligible compared to th 
_ similar conclusion holds for the cables. 
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symmetric mode next to the 
“Using the coefficients Cs = 
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node. 


Conclusions —The writer has comp | 
duce in the San Francisco-Oakland Bay B: 


ding to a static force of 6.7% of gre 


and has found that a stress correspon 
could be produced in the side-span truss. The peak acceleration of the ea 


quakes considered is about 17% of gravity. Since stronger earthquakes wi . 
a peak intensity of 30% to 40% of gravity are not improbable, it seems that — 
one should consider side-span stresses corresponding to an equivalent accelera- 


tion of about 10% to 12% of gravity. It must be remembered, however, that — 
d. This effect for large stresses 


the effect of the damping has been neglecte 

can be quite considerable, due to the friction at the expansion joints, local | 
plastic deformations, and the dissipation of energy by radiation in the ground 
through the foundation and the anchorage. Further research is necessary | 
before the effect of the damping on earthquake stresses, and various other | 
reducing factors, can be evaluated correctly. | oe | 
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